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Preface  to  the  third  edition 


The  technology  of  sugar  manufacture  has  evolved  so  much  in  the  course  of  the  last  twelve 
years  that  the  preparation  of  a  third  edition  has  necessitated  not  only  the  revision  of  the  ma- 
jor portion  of  the  text  but  also  the  addition  of  numerous,  entirely  new  sections.  As  important 
revisions  and  new  sections,  there  will  be  found  in  particular  in  this  new  edition,  the  following: 

Powerful  modern  shredders 

Pressure  feeders  to  mills,  Australian  type 

New  formulae  for  maximal  speed  of  mills 

A  new  formula  for  mill  capacity 

A  more  complete  table  for  calculation  of  power  requirements  in  milling 
New  systems  of  electric  drive  for  mills 
Mill  rollers 
The  Lotus  roller 

Calculation  of  weight  of  bagasse  and  weight  of  juices  in  the  milling  tandem 

Calculation  of  material  balance  in  the  tandem 

A  new  formula  for  reduced  extraction 

A  new  type  of  diffuser 

Saccharate  liming  of  juice 

Rapid  clarifiers 

Modification  of  existing  clarifiers  for  rapid  operation 
Dorrclones 

New  formulae  for  heat-transfer  coefficient  in  heaters 
Evaporator  vessels  with  lateral  or  annular  downtake 
Heat  balance  for  the  factory 
Falling-film  evaporators 

Formulae  for  estimating  coefficient  k  for  flow  in  vessel  and  pan  calandria 
Formulae  for  steam  consumption  of  pans 

The  method  of  calculating  the  material  balance  for  the  boiling  house 
Continuous  vacuum  pans,  including  Langreney 
Vertical-crystalliser  coolers 
Continuous  centrifugals 
Sugar  dryers 

Standard  factory  control 

Liquid-annulus  air  pumps 

Water  requirements  of  the  factory 

Forced-draught  cooling  towers 

Rain-type  condensers  and  condenser  heaters 

Drying  of  bagasse 


vi 

Steam  balance  of  the  factory  for  maximum  economy 
Pelletisation  of  bagasse. 

On  the  other  hand,  sections  discussing  equipment  or  processes  which  are  outdated  or  ob- 
solete have  been  deleted.  Readers  who  are  still  using  such  equipment  or  methods  will  find 
them  described  in  the  second  edition.  These  include: 

Crushers 

Reciprocating  steam  engines 
Compound  clarification 
Circulators  in  evaporators 
Reciprocating  air  pumps. 

For  basic  measures  and  quantities,  we  have  adopted  the  metric  system,  which  is  becoming 
more  and  more  general.  Among  countries  which  have  adopted  it  recently,  some  have  chosen 
the  International  System  (S.I.).  Accordingly,  the  table  of  equivalent  units  has  been  completed 
by  adding  these  but,  on  account  of  the  practice  followed  very  generally  and  which  retains 
the  traditional  units,  such  as  kilogram  force,  kg/cm2,  kcal,  these  have  been  utilised  for 
preference.  Conversion  within  the  metric  system,  moreover,  is  very  simple  and  immediate. 
To  avoid  any  difficulty  for  those  engineers  in  English-speaking  countries  who  find  themselves 
more  at  ease  with  their  British  units,  and  to  avoid  involving  our  friends  of  the  American 
hemisphere  in  conversions  which  are  sometimes  awkward,  we  have  given  in  the  great  majori- 
ty of  cases,  in  formulae  and  calculations,  values  in  British  units  alongside  those  in  metric 
units. 

Where  given,  tons  and  gallons  in  all  cases  are  long  tons  (2,240  lb.  or  1,016.047  kg)  and 
Imperial  gallons  (4.546  1),  respectively. 

Tables  of  figures  have  in  most  cases  been  given  in  both  systems  of  units. 

We  hope  we  have  thus  given  sugar  technologists  a  useful  work  of  reference,  particularly 
useful  for  calculations  and  design  projects.  The  introduction  of  subjects  of  present-day  in- 
terest, such  as  continuous  pans  and  centrifugals,  or  steam  economy  to  facilitate  sale  of  power 
to  outside  authorities,  should  assist  those  sugar  producers  exposed  to  economic  or  financial 
difficulties.  We  shall  be  happy  if  the  sugar  world  is  able  to  benefit  by  it. 

The  chapter  on  information  and  automation  in  the  sugar  factory  has  been  written  entirely 
by  George  Windal  of  SNFS,  Director  of  the  IRIS,  and  his  colleague  J.C.  Giorgi,  both  world 
authorities  in  that  field.  This  chapter  enhances  the  value  and  the  interest  of  the  book,  and 
we  express  our  deep  gratitude  to  them. 

We  thank  our  friends  of  SASTA,  QSSCT  and  MSIRI,  as  well  as  the  directors  of  engineer- 
ing firms  (FCB,  BMA,  de  Smet  and  many  others),  who  have  replied  in  clear  and  friendly 
fashion  to  our  requests  for  information;  and  we  express  our  deep  gratitude  to  our  friend 
George  Jenkins  who,  in  his  usual  friendly  and  cooperative  way,  has  interrupted  a  well- 
deserved  retirement  to  take  on  the  heavy  task  of  translation.  To  it  he  has  brought  all  his  com- 
petence and  knowledge  and  his  clear  and  pleasant  style. 


E.  HUGOT 
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Translator's  foreword 

Once  again  it  has  been  a  pleasant  task  to  cooperate  with  my  friend  Emile  Hugot  in  translation 
of  a  revision  of  the  Handbook.  The  extent  of  revision  has  been  rather  greater  than  expected, 
but  this  is  not  surprising  in  view  of  Mr.  Hugot's  thoroughness  in  treatment  and  revision  of 
his  work.  In  addition  to  keeping  up  with  the  literature  very  effectively,  he  has  visited  prac- 
tically all  the  leading  sugar  industries  of  the  world  in  recent  years.  I  have  indeed  found  that 
the  revision  includes  much  material  new  to  me,  covering  new  developments  in  the  industry 
since  I  was  last  in  contact  with  sugar  technology  some  twelve  or  fourteen  years  ago. 

Thanks  again  to  Mrs.  Joan  Hodgson,  who  did  the  typing  for  the  first  edition  and  has  again 
done  an  excellent  job  with  the  present  revision. 

G.H.  JENKINS 


This  third  edition  of  the  Handbook  of  Cane  Sugar  Technology  is 
dedicated  to  the  memory  of  George  Jenkins,  a  very  goodfriend  and 
a  valued  colleague,  who  died  suddenly  while  the  volume  was  in  the 
final  stages  of  production.  He  was  the  translator  for  all  three  edi- 
tions of  the  Handbook,  and  it  is  fitting  that  this  edition  should  be 
dedicated  to  him  in  acknowledgement  of  his  important  contribu- 
tion to  the  work. 

E.  HUGOT 
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1.  Delivery,  Unloading  and  Handling  of  Cane 


The  factory  takes  delivery  of  the  cane,  either  directly  at  the  factory  weighbridge,  or  at  aux- 
iliary weighbridges  serving  certain  important  or  remote  points  in  the  area  from  which  the  mill 
draws  its  supplies. 

Transport  is  arranged  by  the  factory,  either  by  railway,  or  more  often  by  lorries,  or  by 
tractors  and  trailers. 

The  bulk  density,  or  weight  per  unit  volume,  of  cane  in  the  truck  depends  on  the  manner 
in  which  it  is  loaded.  In  Hawaii,  for  instance,  it  may  be  picked  up  in  bulk  in  the  field  by 
a  mobile  crane  mounted  on  caterpillar  tracks  and  fitted  with  a  grab.  This  simply  drops  the 
cane  in  a  tangled  mass  into  the  trailer;  in  this  case  the  bulk  density  may  be  taken  as  about 
200  kg/m3  (12  lb./cu.  ft.).  If  the  loading  is  done  rather  more  carefully:  300  kg/m3  (18  lb./cu. 
ft.).  In  Hawaii1,  a  figure  of  225  -  256  kg/m3  (14-  16  lb./cu.  ft.)  is  used.  If  the  cane  is  loaded 
by  hand,  the  stalks  being  placed  parallel  to  each  other  in  bundles  or  packages,  as  is  often 
done  with  small  suppliers,  the  density  may  be  taken  as  about  350  kg/m3  (22  lb./cu.  ft.)  and 
may  reach  400  kg/m3  (26  lb./cu.  ft.).  If  the  cane  is  cut  by  a  chopper  harvester  and  loaded 
in  bulk,  the  density  is  approximately  300-380  kg/m3  (18-24  lb./cu.  ft.),  averaging  340 
kg/m3  for  pieces  28  cm  (11  in.)  in  length.  In  Hawaii,  figures  of  321  -335  kg/m3  (20-21 
lb./cu.  ft.)  are  given;  in  Jamaica2,  300-330  kg/m3  (19-21  lb./cu.  ft.). 

This  bulk  density  depends  on  the  stand  of  the  cane.  Straight  and  erect  stalks  will  give  a 
more  compact  loading  than  curved  or  lodged  canes. 


ORGANISATION  OF  CANE  SUPPLY  THROUGHOUT  THE  DAY 

A  cane  sugar  factory  generally  operates  continuously  from  Monday  morning  till  Saturday 
evening.  It  shuts  down  for  about  36  hours,  including  Sunday,  for  cleaning  the  multiple  ef- 
fects and  for  minor  repairs.  It  operates  then  for  about  132  hours  per  week. 

During  the  day,  cane  transport  is  generally  carried  on  for  only  12  hours,  from  6  a.m.  to 
6  p.m.  So  that  the  mill  will  not  run  out  of  cane,  it  is  necessary  that  the  factory  should  receive 
in  12  hours,  during  the  day,  the  tonnage  which  it  crushes  in  24  hours. 

Towards  6  p.m.  then  there  will  have  accumulated  a  stock  at  least  equal  to  half  the  daily 
tonnage: 

Overnight  provision  =  12  A  +  a  (1.1) 
A  -  quantity  of  cane  crushed  by  the  factory  per  hour 

a    -  margin  of  safety,  which  should  always  be  maintained  to  avoid  being  obliged  to  stop 
the  mill  for  lack  of  cane. 
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This  margin  a  is  necessary  to  make  provision  for  accidental  fluctuations  in  supply:  rain 
retarding  the  cutting  and  restricting  transport,  irregularities  in  supply  by  the  farmers,  etc.  It 
should  not  be  too  small,  nor  too  large.  In  the  latter  case,  the  cane  yard  will  be  uselessly  en- 
cumbered, and  the  delay  occurring  between  the  cutting  of  the  cane  and  its  passage  through 
the  mills  wili  be  unnecessarily  increased.  A  suitable  quantity  is  that  corresponding  to  three 
hours'  crushing: 

a  =  3  A  (1.2) 
tf  this  value  be  adopted,  the  yard  should  be  able  to  accommodate  an  overnight  stock  of: 

P  =  12A+3A  =  15  A  (1.3) 


Fig.  1.1.  Sling  with  automatic  hook.  Fig.  1.2.  Lifting  a  bundle  of  can? 
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UNLOADING  OF  CANE 

As  drays  have  practically  disappeared  from  the  scene,  we  discuss  only  cane  transported  by 
mechanical  means:  trailers,  lorries  and  railway  wagons. 

Lorries  and  other  vehicles  are  either  unloaded  onto  a  pile  by  means  of  a  crane  or  are  self- 
discharging. 

A.  Unloading  by  crane.  This  cane  is  often  loaded  in  "packets"  or  bundles,  bound  by  three 
chains  or  "slings"  (Fig.  1 . 1).  At  one  end  these  slings  slide  in  a  special  hook  fitted  with  a  pawl, 
while  a  ring  is  attached  to  the  other  end. 

The  unloading  device  at  the  factory,  generally  a  crane,  lifts  the  bundle  of  cane  with  the 
aid  of  a  "swingle-bar"  or  steel  bar  fitted  with  three  hooks.  The  crane  lifts  the  bundle  and 
deposits  it  on  the  heap  of  cane  which  is  called  a  "stock-pile".  The  catches  of  the  sling-hooks 
are  then  released,  and  the  crane  lifts  the  swingle-bar  with  the  slings  hanging  (Fig.  1.2). 
Release  of  the  catch  may  be  controlled  electrically. 

For  a  3-tonne  crane,  each  bundle  is  of  the  order  of  1 ,500  -  3,000kg  (3,000  -  6,00C  lb.)  of 
cane,  generally  about  2.500  kg  (5,000  lb.)  A  4-  or  5-tonne  truck  carries  two  such  bundles. 

When  the  swingle  bar  is  replaced  by  a  grab  (Fig.  1.7),  trucks  carrying  cane  in  bulk  may 
also  be  unloaded.  The  grab  operates  mainly  at  night  to  transfer  to  the  lateral  tables  the  cane 
stacked  during  the  day. 


Fig    1.3.  Unloading  by  tipping  truck. 
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B.  Self-discharging  vehicles.  Several  types  of  these  are  in  use,  the  main  ones  being: 

(a)  Tipping  trucks.  These  are  trucks  fitted  with  a  body  which  is  arranged  to  pivot  about 
its  lower  rear  edge,  and  actuated  by  a  hydraulic  device  which  tilts  the  truck  body  towards 
the  back  till  its  load  of  cane  slides  into  the  conveyor  arranged  to  receive  it  (Fig.  1.3).  This 
conveyor  is  generally  an  inclined  lateral  table,  rising  towards  the  front  so  that  it  discharges 
the  cane  into  the  carrier  from  a  height  of  about  1.5  m  (5  ft.)  above  it;  its  rear  end  is  located 
in  a  pit  of  approximately  2  m  (6  ft.)  in  depth.  The  cane  falls  into  this  pit,  which  is  defined 
at  the  back  by  a  plate  rising  about  0.6  m  (2  ft.)  above  ground  level,  low  enough  not  to  in- 
terfere with  the  tipping  of  the  truck. 

The  slope  of  this  lateral  table  is  approximately  15°  for  the  slat  conveyor  type,  and  8°  for 
the  type  with  fixed  plates  and  moving  brackets.  Its  length  accordingly  depends  on  the  level 
of  the  carrier  relative  to  the  ground,  and  is  generally  of  the  order  6-  1G  m  (20 —  30  ft.)  The 
cane  slides  from  the  truck  body  when  it  reaches  an  inclination  of  about  40-45°. 

(b)  Trucks  with  detachable  bodies.  This  is  a  similar  system,  except  that  the  truck  body, 
called  a  "bin"  or  "basket",  is  separate  from  the  chassis  on  which  it  rests,  and  may  be  placed 
on  the  ground  or  lifted  onto  the  chassis  by  means  of  either  mobile  crane  jibs  carried  on  the 
chassis  or  a  winch  placed  behind  the  cabin.  In  the  former  case,  it  can  be  tipped  into  the  carrier 
in  the  same  way  as  a  tipping  truck.  If  several  bins  are  supplied  for  each  truck,  these  can  be 
filled  in  the  field  while  the  truck  is  returning  with  an  empty  bin;  as  soon  as  the  empty  bin 
is  unloaded  at  a  convenient  point  for  the  cane  cutters,  a  full  bin  can  be  loaded  on  the  truck 
immediately  without  loss  of  time.  A  similar  delivery  and  pick-up  can  be  effected  at  the  fac- 


Fig.  1.4.  Cane  transport  by  detachable  container  (loading  in  field) 
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Fig.  1.5.  Unloading  by  net. 


tory;  thus  a  rapid  turnaround  of  the  truck  is  achieved,  and  a  good  capacity  in  tonnes  of  cane 
transported  per  day  (Fig.  1.4). 
Numerous  modifications  of  this  system  are  in  use. 

(c)  Tractors  and  semi-trailers  with  nets.  Semi-trailers  generally  of  large  tonnage  (25  -40 
tonnes)  are  fitted  with  a  body  of  steel  mesh  (Fig.  1.5).  On  one  of  the  sides  of  the  body  is 
fixed  a  steel  net  which  drops  down  that  side,  passes  across  the  bottom,  rises  on  the  opposite 
side,  to  which  the  end  of  the  net  is  attached.  In  the  field  or  at  the  cane  loading  station,  the 
cane  is  loaded  in  a  pile  on  this  net.  On  arrival  at  the  factory,  the  tractor  stops  alongside  a 
deep,  large-capacity  auxiliary  carrier,  the  side  of  the  trailer  body  carrying  the  fixed  end  of 
the  net  being  lined  up  alongside  the  carrier  and  directly  above  the  side  of  it.  A  crane  then 
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hooks  onto  the  opposite  end  of  the  net  and  lifis  it;  the  contents  are  thus  tipped  into  the  aux- 
iliary carrier  (Fig.  1.5). 

(d)  Flat-topped  bulk  trailers.  Small  trailers  that  can  be  attached  behind  light  field  tractors 
are  often  used,  especially  in  South  Africa.  The  cane  is  placed  in  piles  on  the  ground  with  the 
stalks  as  far  as  possible  lying  parallel  to  each  other.  A  cable  is  placed  under  the  pile,  and 
brought  back  above  it;  a  winch  placed  on  the  tractor  then  hauls  in  the  cable,  thus  hauling 
the  pile  of  cane  up  on  to  the  trailer.  Many  versions  of  this  device  are  used,  with  rear  or  lateral 
loading.  Such  devices  arc  inexpensive  but,  the  canes  being  loosely  packed,  the  width  of  the 
load  may  exceed  the  maximum  permitted  on  the  roads,  and  their  use  should  be  limited  to 
fields  directly  connected  to  the  factory  by  private  roads  (Fig.  1.6). 


CANE-HANDLING  EQUIPMENT 


The  principal  types  of  equipment  used  at  the  factory  cane  yard  are: 

(1)  The  cane  crane,  or  "derrick" 

(2)  The  travelling  crane 

(3)  The  tipping  platform  or  truck  tip 

(4)  The  cane  rake. 


Fig.  1.6.  Loading  carte  in  bulk  by  means  of  cable  (Bell  system). 
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Fig.  1.7.  Grab  loader. 


1.  Cane  crane 

This  is  by  far  the  most-used  device.  I(  is  often  called  by  its  American  name:  "derrick".  It 
consists  (Fig.  1.8)  of  a  mast  of  fabricated  steel,  mounted  on  a  pivot,  so  that  it  can  rotate 
through  a  full  circle.  At  a  suitable  height  !his  vertical  mast  carries  a  horizontal  arm  forming 
a  track  on  which  a  trolley,  carrying  two  pulleys,  can  run  to  and  fro.  A  cable  passes  over  these 
two  pulleys  and  hangs  between  them,  thus  forming  a  loop  which  carries  a  snatch  block,  on 
which  may  be  hung  either  the  swingle-bar  or  the  grab. 

The  driver  works  in  a  cabin,  which  is  located  at  the  base  of  the  mast  or  below  the  arm 
and  houses  the  motors  for  the  various  movements:  rotation,  traversing,  raising  or  lowering 
of  the  hook.  It  also  generally  houses  the  winding  drums. 

These  cranes  are  driven  generally  by  electric  motor.  They  are  classified  according  to  their 
mode  of  support,  into: 

(a)  Guyed  cranes  (Fig.  1.8),  now  used  less  and  less 

(b)  Self-supporting  cranes  (Fig.  1.9). 

(a)  Guyed  cranes.  This  is  the  lighter  form,  the  stability  of  the  crane  being  ensured  by  re- 
taining cables  or  guy  ropes  attached  to  a  ring  at  the  top  of  the  mast  (Fig.  1.8). 

These  guys  must  permit  of  rotation  of  the  horizontal  arm,  and  so  must  be  fixed  in  the 
ground  at  a  considerable  distance  from  the  axis  of  the  crane. 

Number  of  guys.  Strictly  speaking,  3  guy  ropes,  arranged  at  an  angle  of  120°  to  each  other, 
would  be  sufficient.  However,  the  number  of  guys  is  generally  chosen  so  that  breakage  of 
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one  of  them  does  not  cause  the  derrick  to  fall.  This  condition  requires  a  minimum  of  5,  at 
72°.  For  preference  6  or  8  should  be  used,  if  possible. 

It  would  be  necessary  then  to  fix  5,  6,  7,  or  8  anchor  blocks,  placed  symmetrically  on  a 
circle  of  55-75  m  (180-240  ft.)  radius  with  the  axis  of  the  crane  as  centre,  to  which  the 
guys  are  attached.  The  presence  of  factory  and  office  buildings  makes  the  solution  of  this 
problem  very  difficult.  If  it  is  necessary  to  modify  the  spacing  of  two  cables  to  avoid  in  par- 
ticular the  factory  buildings,  it  is  necessary  to  ensure  that  a  breakage  of  one  of  these  widely 
spaced  cables  will  not  leave  a  sector  of  more  than  150°,  which  is  the  limit  permissible  for 
stability  of  two  adjacent  cables. 

Obviously,  in  case  of  breakage,  it  will  be  necessary  to  stop  the  crane  immediately  until  the 
damaged  cable  is  replaced,  since  the  remaining  guys  would  not  be  able  to  ensure  stability 
under  the  dynamic  loading  of  the  crane  in  operation. 

Tension  of  the  cables.  To  obtain  maximum  rigidity,  the  cables  must  be  tightened  so  that 
the  mast  describes  only  a  very  small  cone  as  the  derrick  is  rotated,  but  without  increasing 
unduly  the  tension  of  the  cables  themselves.  This  tension  should  be  checked  frequently.  The 
cables  should  be  painted  or  tarred  every  two  or  three  years  (to  prevent  corrosion). 

Thickness  of  the  cables.  For  a  crane  of  3  tonnes  capacity,  5-8  cables  of  25  mm  (1  in.) 
diameter  are  provided. 

(b)  Self-supporting  cranes.  These  are  obviously  heavier  and  more  massive  (Figs.  1 .2  and 
1.9),  but  avoid  the  nuisance  and  danger  of  guys,  which  restrict  movement  at  the  cane  yard 
and  which  are  sometimes  very  difficult  to  locate  conveniently. 

In  countries  subject  to  cyclones,  these  cranes  should  be  designed  for  a  wind  pressure  of 
at  least  350  or  preferably  400  kg/m2  (80  Ib./sq.ft.)  (live  load). 

Capacity  of  cranes.  The  important  characteristics  of  an  unloading  crane  are: 

(1)  The  lifting  force 

(2)  The  radius  of  operation 

(3)  The  maximum  height  of  lift  of  the  grab. 

(1)  Lifting  force.  This  is  the  maximum  weight  which  the  crane  can  lift,  at  the  end  of  the 
arm.  It  is  the  most  important  factor,  which  serves  to  specify  its  capacity.  For  instance,  one 
speaks  of  a  3-tonne  or  5-tonne  crane.  The  usual  values  are  3,  5  and  10  tonnes. 

(2)  Radius  of  operation.  This  is  the  horizontal  distance  between  the  pivot  of  the  crane  and 
a  vertical  line  through  the  pulley  of  the  snatch  block  (corresponding  to  the  centre  of  the  grab) 
when  the  trolley  is  at  its  extreme  position  at  the  end  of  the  crane  arm.  Typical  values  are: 
18,25  and  30  m  (60,  80,  100  ft.). 

(3)  Maximum  height  of  lift.  This  is  the  height  from  the  end  of  the  tines  of  the  grab  above 
the  platform  level,  when  the  grab  is  raised  to  its  maximum  height. 

To  increase  this  height,  and  at  the  same  time  to  enable  the  driver  to  oversee  the  operations 
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and  traffic  of  the  platform,  the  base  of  a  small  (3  t.)  derrick  is  generally  raised  by  placing 
it  on  a  truncated  cone  of  masonry  about  2  m  (6  ft.)  in  height. 

The  height  of  lift  is  generally  of  the  order  of  6-8  m  (20-25  ft.). 

As  a  general  rule,  for  a  factory  having  only  one  derrick  at  its  unloading  station,  the 
characteristics  adopted  are  approximately  as  follows: 

(1)  Lifting  force: 

F  =  0.1  A  (1.4) 

F  =  lifting  force,  in  tonnes 

A  =  crushing  rate  of  the  factory,  in  t.c.h. 

(2)  Radius  of  operation: 

R  =  3  V^4  (R  =  10  ^A)  (1.5) 

R   =  radius  of  operation,  in  m  (ft.). 

(3)  Maximum  height  of  lift: 

H  =  8  m  (25  ft.)  (1.6) 

When  two  derricks  (or  two  unloading  devices)  are  available,  the  total  tonnage  A  is  divided 
between  them  by  allotting  the  tonnages  Ai  and  Ai  respectively,  such  that 

A\  +  A2  =  A 

Speeds  and  power  requirements.  The  speeds  adopted  for  the  various  movements  of  the 
crane,  and  the  power  required  for  the  corresponding  motors,  are  generally  of  the  following 
order: 

(1)  Lifting: 

Lifting  speed  20-50  m/min  (80-150  ft./min) 

Power  required  7.5  kW  (10  h.p.)  per  tonne  nominal  capacity 

(2)  Rotation: 

Rotational  speed  1.5 — 2.5  r.p.m. 

Power  required  1.0  kW  (1.5  h.p.)  per  tonne  nominal  capacity 

(3)  Traversing: 

Speed  of  the  trolley  30-60  m/min  (100  -  200  ft./min) 
Power  required  0,75  kW  (1  h.p.)  p^r  tonne  nominal  capacity 

When  the  crane  is  driven  by  compressed  air,  the  single  motor  requires  approximately  7.5 
kW  (10  h.p.)  per  tonne  nominal  capacity. 
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Lateral  tables.  In  large  or  medium  factories,  it  is  necessary  to  provide  one  or  more  lateral 
tables,  on  which  the  crane  or  cranes  deposit  the  cane.  In  this  case,  the  carrier  does  not  receive 
the  cane  directly,  but  is  fed  by  these  lateral  tables,  controlled  by  an  operator  who  regulates 
their  speed  as  required.  The  feeding  of  a  carrier  supplied  in  this  way  is  much  more  regular 
than  in  the  case  of  direct  feed. 

Bulk  density  of  cane  in  the  pile.  This  density  is  similar  to  that  of  cane  loaded  mechanically, 
or  about  200  kg/m-  (12  Ib./cu.ft.),  if  it  refers  to  cane  dumped  at  random.  It  increases  to  300 
kg/nv:  (18  Ib./cu.ft.)  if  the  pile  is  made  up  of  bundles  of  parallel  stalks,  deposited  by  the 
swingle-bar.  Tromp'  estimates  400  kg/m-  (25  Ib./cu.ft.). 

For  cane  cut  in  small  pieces  0.3-0.6  m  (1-2  ft.)  in  length,  as  produced  by  certain 
mechanical  harvesters,  a  figure  of  350  kg/m"  (22  Ib./cu.ft.)  may  be  taken4. 

2.  Transporter  crane 

Factories  handling  more  than  150  or  200  i.c.h  may  find  the  derrick  barely  adequate  for 
storage  and  handling  of  the  cane.  They  then  resort  to  use  of  the  transporter  crane,  which  has 
greater  capacity  and  is  more  easily  accommodated. 

The  system  is  closely  analogous  to  that  of  the  derrick.  Instead  of  a  circle,  it  serves  a  rec- 
tangle, the  length  and  breadth  of  which  may  be  fixed  at  will.  For  this  reason,  it  will  be  in- 
dicated for  certain  long  and  narrow  cane  yards  which  have  not  sufficient  space  for  a  crane 
to  swing.  The  transporter  crane  must  obviously  span  the  cane  carrier  which  it  serves  (Fig. 
1.10). 


Fig.  1. 10  Travelling  crane  (Fives  Cai  -Babcoek) 
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Normal  speeds  are  approximately: 

Raising  the  hook  or  grab  15-  30  m/min    (50-100  ft./min) 

Longitudinal  movement  of  the  crane  50- 100  m/min  (150- 300  ft./min) 
Traversing  movement  of  the  trolley        30-    60  m/min  (100-200  ft./min) 

In  addition,  two  minutes  must  be  allowed  for  each  movement  for  detaching  the  chains  and 
returning  for  the  next  load5. 

The  corresponding  power  requirements  of  the  motors  are  approximately: 

Lifting:  4.5   kW  (6    h.p.)  per  tonne  nominal  capacity 

Longitudinal  movement:  1.0  kW  (1.5  h.p.)  per  tonne  nominal  capacity 
Traversing  movement:     0.25  kW  (0.3  h.p.)  per  tonne  nominal  capacity 

Often  both  the  derrick  and  transporter  crane  are  used,  and  this  combination  is  readily 
adaptable  to  all  types  of  unloading  area.  One  advantage  of  the  transporter  crane  is  that  the 
storage  capacity  can  be  readily  increased,  by  increasing  its  length  of  travel.  When  it  becomes 
very  long,  it  may  be  of  advantage  to  provide  the  length  of  track  by  means  of  two  transporter 
cranes,  which  can  then  work  simultaneously,  each  one  serving  one  end  of  the  carrier.  The 
work  is  further  facilitated  if  each  one  is  provided  with  its  own  lateral  table. 

The  width  of  transporter  cranes  is  of  the  order  of  20-30  m  (60-  100  ft.).  Their  cost  in- 
creases much  more  rapidly  with  increasing  width  than  with  increasing  length.  The  length  may 
have  almost  any  value  up  to  100  m  (300  ft.)  for  a  double  transporter  crane.  The  height  of 
lift  is  8-  13  m  (25-40  ft.)  and  the  capacity  generally  6-10  tonnes. 

3.  Tip  for  trucks  or  trailers 

When  the  cane  arrives  by  railway  trucks,  it  is  more  practical  to  empty  the  truck  in  one  action, 


Fig.  1.11.  Lateral  tip  for  trucks. 


Fig.  1.12.  Small  truck  for  end-tipping. 
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rather  than  to  lift  separately,  with  the  crane,  the  bundles  of  cane  piled  in  the  truck. 
This  presents  several  advantages: 

(1)  Saving  in  time 

(2)  Saving  in  slings  (this  is  by  no  means  negligible) 

(3)  Less  handling,  because  the  cane  is  emptied  directly  into  the  carrier,  as  with  drays 

(4)  Thanks  to  the  absence  of  slings,  the  risk  of  passing  pieces  of  chain  or  ratchet  hooks 
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through  the  tnill  is  avoided.  With  a  crane  and  slings,  it  is  very  rarely  that  a  season  is  com- 
pleted, in  the  absence  of  a  magnetic  separator,  without  removing  two  or  three  such  pieces 
from  the  mills;  the  roller  grooving  suffers  severely  as  a  result. 
There  are  two  types  of  tip: 

(1)  The  lateral  tip,  for  large  waggons  (Fig.  1.1 1J 

(2)  The  endwise  tip,  for  small  trucks. 

The  trucks  (Fig.  1.1 2)  are  provided  with  a  U-shaped  iron  frame  forming  a  cradle,  in  which 
the  cane  is  placed  lengthwise  parallel  to  the  track.  The  ends  are  free,  and  the  cane,  well  com- 
pacted during  the  journey  from  the  fields  to  the  factory,  falls  out  when  the  tip  reaches  the 
desired  inclination  (40-45°). 

Tips  are  sometimes  installed  for  lorries  also.  The  lorry  is  generally  tipped  endwise,  toward 
the  rear. 

The  angle  of  discharge,  for  whole  or  chopped  cane  loaded  in  bulk,  is  approximately  42°. 
Tips  are  designed  for  a  maximum  inclination  of  approximately  48°. 

4.  Rakes 

These  form  an  auxiliary  unloading  device,  which  is  used  mostly  in  Java  and  in  some  British 
countries.  Figure  1.13  gives  a  view  which  will  make  description  superfluous. 

It  will  be  noted  that  the  rake  has  not  only  a  "picking"  movement  and  a  to-and-frc  move- 
ment in  a  mean  plane,  but  that  it  can  also  make  the  same  movement  in  a  great  number  of 
planes,  forming  a  dihedral  angle  of  some  30  —  40°  to  one  side  or  the  other  of  this  mean  plane. 
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Chopper-harvested  cane 

Mechanical  harvesting  of  cane  is  generally  carried  out  by  chopper  harvesters  such  as  the  Mas- 
sey-Ferguson,  Toft,  Claas.  Cameco,  Thomson,  J.  &  L.  (Fig.  1.14).  These  are  machines  which 
cut  the  cane,  chopping  it  into  pieces  25  -  30  cm  (10  -  12  in.)  in  length,  and  discharging  it  into 
a  truck  or  trailer  moving  alongside  the  harvester.  When  the  vehicle  is  filled  it  is  removed  and 
replaced  by  another.  These  trucks  or  trailers  circulate  in  the  field,  holding  5-  1G  tonnes  of 
cane,  and  then  transfer  their  load  to  a  road  (or  rail)  vehicle  which  runs  the  length  of  the  field, 
holding  25  -  30  tonnes  of  cane  and  transporting  its  load  to  the  factory  (Fig.  1.15).  One  such 
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Fig.  1.15  Trailer  with  moving  boltom  (Legras). 


Fig.  1.16.  Transferring  cane  in  the  field  (Legras). 


16 


DELIVERY,  UNLOADING  AND  HANDLING  OF  CANE 


Ch.  1 


transport  widely  used  in  French  countries,  and  elsewhere,  is  the  Legras  trailer  with  conveyor 
bottom.  This  trailer  has  a  slat  conveyor  which  forms  the  floor,  and  a  door  at  the  back.  On 
arrival  at  the  factory,  it  stops  above  a  pit,  the  door  is  opened  and  the  conveyor  set  in  motion; 
the  chopped  cane  falls  onto  a  table  at  the  bottom  of  the  pit  (Fig.  1.16). 

Storage  in  containers 

Among  newly  established  sugar  enterprises,  some  produce  themselves  the  greater  part  of  the 
cane  which  they  crush.  These  have  adopted  the  following  system:  the  cut  cane  is  stacked  in 
containers  of  large  volume,  for  example,  12  m  (40  ft.)  in  length,  2.50  m  (8  ft.)  in  width,  2.50 
m  (8  ft.)  in  height  and  of  75  m3  (255  cu.ft.)in  volume,  holding  about  22-25  tonnes  of  cane. 
These  containers  are  transported  from  the  field  to  the  factory  on  flat-top  trucks  and 
deposited  in  rows  on  the  unloading  area  at  the  factory.  They  are  unloaded  in  the  order  in 
which  they  arrive,  onto  the  lateral  tables,  either  by  tips  or  by  discharging  nets. 

Pusher  -  stacker  transfer 

Other  establishments,  equally  new,  are  content  with  discharging  the  cane  on  a  reserved  sec- 
tion of  the  cane  yard  which  is  concreted  and  on  which  one  or  two  specialised  machines, 
equipped  with  a  pusher  blade  or  large  scoop,  push  the  cane  into  a  regular  heap  2  or  3  m  (6 
or  9  ft.)  in  height.  These  same  machines  later  bring  the  cane  back  to  feed  the  cane  carrier 
tables.  Generally,  there  are  two  such  machines,  one  receiving  the  cane  and  stacking  it,  the 
other  bringing  it  back  and  feeding  the  conveyor.  This  arrangement  permits  the  formation  of 
two  stacks,  on  opposite  sides  of  the  yard;  thus  it  is  possible  to  finish  one  stack  before  com- 
mencing on  the  other  and  so  to  avoid  leaving  one  portion  of  the  canes  longer  in  the  yard  than 
the  other.  Delivery  of  the  cane  may  be  carried  out  around  the  clock  or  over  12  hours  per  day. 
In  the  latter  case,  the  area  of  the  unloading  yard  should  consequently  be  calculated  as  a  func- 
tion of  the  height  of  the  stack,  arranging  the  space  necessary  for  manoeuvring  the  two  mobile 
machines.  These  are  generally  provided  with  four-wheel  steering,  to  give  a  very  small  turning 
circle. 
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When  the  number  of  trucks  is  insufficient  (which  may  occur  at  certain  fixed  times  of  day, 
or  accidentally  at  any  moment),  the  crane  makes  up  the  cane  supply  to  the  carrier  with  the 
aid  of  the  grab. 

However,  variations  occur  in  the  quantity  of  cane  so  deposited  per  unit  length  of  the  car- 
rier; there  are  gaps  which  cannot  be  filled  in  time.  On  the  other  hand,  a  bundle  of  cane  from 
a  lorry,  deposited  almost  intact  on  the  carrier,  can  cause  an  overload  at  the  knives,  in  the 
case  of  electric  drive,  opening  the  circuit  breaker. 

When  such  dense  bundles  of  parallel  canes  occur,  it  is  necessary  to  slow  down  the  carrier 
and  practically  stop  it,  otherwise  there  is  a  risk  of  choking  the  knives.  Even  with  close  atten- 
tion, the  attempt  is  not  always  successful. 

These  difficulties,  due  to  the  direct  feeding  of  the  carrier,  have  led  to  the  adoption  of  aux- 
iliary carriers.  Many  of  these  disadvantages  are  indeed  overcome  by  providing  a  second  or 
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auxiliary  carrier  at  right  angles  to  the  main  carrier.  Such  a  carrier  may  take  the  form  of: 

(1)  A  wide  and  relatively  short  platform  or  "lateral  table" 

(2)  A  carrier  identical  with  the  main  carrier,  but  at  right-angles  to  it.  This  is  often  called  an 
"auxiliary  carrier". 

1.  Lateral  table 

This  is  in  effect  a  very  wide  and  short  carrier,  driven  by  an  independent  motor.  In  plan  it 
is  rectangular  or  approximately  square  in  shape.  The  upper  run  of  the  lateral  table  should 
end  at  approximately  2  m  (6  ft.)  above  that  of  the  main  carrier  and  its  discharge  end  almost 
vertically  above  the  side  plate  of  the  carrier. 

The  crane  deposits  the  cane  on  this  table,  and  keeps  up  the  supply  to  it  as  it  discharges. 
An  attendant,  conveniently  located  to  watch  the  whole  of  the  cane  yard,  and  handy  to  the 
speed  control  of  the  motor  which  drives  the  lateral  table,  starts  it  up  whenever  he  sees  that 
the  main  carrier  would  otherwise  be  insufficiently  loaded.  The  cane  falls  from  the  lateral 
table  into  the  carrier,  and  one  advantage  of  this  system  is  that  the  cane  falls  in  a  more  or 
less  tangled  condition,  greatly  facilitating  the  work  of  the  cane  knives.  As  soon  as  the  desired 
quantity  of  cane  has  fallen  onto  the  carrier,  the  lateral  table  is  slowed  down  or  stopped.  The 
movement  of  the  latter  is  thus  very  irregular,  interrupted  and  jerky,  and  it  is  advantageous 
to  drive  it  by  means  of  a  very  flexible  variable-speed  device,  such  as  the  French  "Ekotron" 
or  the  English  "Heenanand  Froude'"  drive.  These  provide  a  drive  without  solid  contact:  a 
steel  flywheel  coupled  to  the  motor  transmits  the  drive,  by  induced  Foucault  currents,  to  a 
sleeve  surrounding  it  and  connected  to  the  driven  shaft. 

The  lateral  table  is  particularly  useful  in  countries  where  payment  for  cane  is  made  accor- 
ding to  sugar  content  or  recoverable  sugar.  The  cane  to  be  tested  from  a  particular  supplier 
may  then  be  accumulated  on  a  special  lateral  table,  without  interfering  with  the  feeding  of 
the  mills.  When  the  table  is  filled,  its  load  of  cane  is  fed  to  the  mills  without  interrupting 


Fig.  1.17  Cane  tumbler  (Fives  Catl  -  Babcock) 
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the  movement  of  the  main  carrier;  the  beginning  and  end  of  the  batch  to  be  analysed  are 
simply  marked  with  lime,  in  such  a  way  that  the  juice  sample  boy  can  see  clearly  the  beginn- 
ing and  end  of  the  batch. 

Tumbler.  The  lateral  table  is  much  more  effective  if  fitted  with  a  "tumbler".  This  is  a 
horizontal  shaft  (Fig.  1.17),  placed  above  the  axis  of  the  front  drum  of  the  table,  and  which 
rotates  slowly  in  the  reverse  direction.  It  is  provided  with  arms  arranged  in  a  helix  along  its 
length,  which  ensure  that  the  cane  falls  into  the  carrier  in  small  lots,  avoiding  a  heavy  fall 
of  large  masses  which  would  be  liable  to  provoke  chokes  at  the  knives. 

High-speed  tumblers  may  also  be  used,  running  at  80-  100  r.p.m.  and  furnished  with  small 
knives  at  the  end  of  the  arms;  these  give  a  more  regular  feed  and  cut  some  of  the  cane  stalks, 
thus  assisting  the  work  of  the  knives. 

Area  of  the  lateral  table.  The  dimensions  of  the  table  vary  considerably  according  to  in- 
dividual cases.  A  good  dimension,  designing  for  ample  capacity,  is: 

S  =  2  A/3  (S  =  6 A)  CI  -7) 

S  =  area  of  the  lateral  table,  in  m2  (sq.  ft.) 
A  —  crushing  rate  of  the  factory,  in  t.c.h. 

For  example,  a  table  of  5  x  7  m  (16  x  20  ft.)  for  50  t.c.h. 

For  crushing  rates  greater  than  70  t.c.h.,  it  is  of  advantage  to  provide  two  lateral  tables 
rather  than  one  large  one.  The  dimensions  of  these  will  be  arranged  to  follow  the  same  rule: 

S,  +  S2  =  2  A/3  (S,  +  S2  =  6  A)  (1.8) 

Three  or  four  tables  may  be  used  for  one  cane  carrier. 

Speed  of  the  table.  By  reason  of  its  width,  the  speed  of  the  lateral  table  is  made  much  lower 
than  that  of  the  main  carrier.  A  value  of  3  —  6  m/min  (10  —  20  ft./min)may  be  adopted.  With 
a  higher  speed,  there  is  a  risk  that  too  much  cane  will  be  dropped  on  the  carrier  at  a  time. 

Power  required  for  the  motor.  A  motor  should  be  provided  of  power  roughly  equal  to 

T  =  0.25  S  (T  =  0.023  S)  (1.9) 

T  =  power  of  the  driving  motor,  in  h.p.  (h.p.) 
S   =  area  of  the  table,  in  m2  (sq.ft.). 

This  value  is  obviously  appreciably  greater  than  the  mean  power  absorbed  by  the  motor 
in  operation. 

Slope.  Lateral  tables  may  be  horizontal,  or  may  have  a  slight  forward  slope  of  about  5°, 
or  a  slope  of  15°  towards  the  rear.  This  last  arrangement  allows  the  length  to  be  extended 
to  the  point  where  tipping  trucks  can  deliver  their  load  directly  onto  the  table,  thus  avoiding 
extra  handling  and  loss  of  time. 
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Fig.  1.18.  UiiloiiUin^  cane  -  i ra\ cllin^  crane  and  lateral  feet:  tables  (BMA) 


2.  Auxiliary  carrier  (cross  carrier) 

This  is  a  carrier  of  the  same  dimensions  as  the  main  carrier,  but  with  its  axis  at  right-angles 
to  that  of  the  latter,  and  discharging  to  it.  It  supplies  the  main  carrier  in  the  manner  of  a 
regulating  tributary  which  feeds  and  evens  out  the  main  stream. 

Speed.  It  will  be  driven  at  a  speed  about  half  that  of  the  main  carrier. 

Power.  Since  it  is  subject  to  somewhat  more  friction,  we  may  provide,  if  the  conveyor  is 
horizontal: 

T=  0.34  5  (T  =  0.05  S)  (1.10) 

T  =  power  absorbed  by  the  auxiliarx  carrier,  in  k\V  (h.p.; 

S  =  area  loaded  with  cane  on  the  auxiliary  carrier,  in  m"  (sq.ft.). 

Construction  of  cross  conveyors 

These  tables  or  carriers  should  move  between  two  lateral  steel  plates,  designed  to  guide  the 
cane  and  prevent  it  from  falling  beside  the  carrier.  These  side  plates  can  conveniently  be  given 
a  10°  batter. 
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2.  The  Cane  Carrier 


The  cane  carrier  is  the  moving  apron  which  conveys  the  cane  into  the  factory  and  which 
assures  the  feed  to  the  mills  by  transporting  the  cane  from  the  yard  to  the  crusher. 

Since  effective  feeding  of  the  crusher  requires  an  elevated  hopper,  and  the  cane  must  be 
raised  to  this  high  level  from  the  level  of  the  yard,  where  the  carrier  is  generally  in  a  pit,  the 
carrier  always  includes  a  sloping  portion  (Fig.  2.1).  We  have: 

(a)  The  horizontal  portion 

(b)  The  inclined  portion 

(c)  The  head  where  the  cane  arrives  above  the  crusher. 


Fig.  2.1.  Cane  carrier  (Fives  Cail  -  Babcock). 

Slope 

The  slope  of  the  inclined  portion  varies  from  27%  (15°)  to  a  maximum  of  40%  (22°). 
Generally,  a  value  below  27%  is  not  used.  If  too  low  a  slope  is  adopted,  the  cost  of  the  in- 
stallation and  the  space  occupied  are  increased.  A  value  of  40%  is  not  exceeded,  otherwise 
the  cane  would  be  liable  to  slip  and  the  conveyor  would  move  forward  without  picking  it  up. 
The  best  and  commonest  values  are  30%  (17°)  to  38%  (21°). 

When  no  knives  are  installed,  or  when  the  knife  set  is  at  the  top  of  the  carrier  (which 
amounts  to  the  same  thing),  it  is  advisable  to  keep  the  slope  at  33  or  36%.  When  one  or  two 
sets  of  knives  precede  the  inclined  portion,  or  are  located  at  the  beginning  of  the  latter,  a 
slope  of  38%  (21°)  may  safely  be  adopted,  and  may  even  attain  40%  (22°)  if  necessary. 

Length  of  inclined  portion 

This  length  will  be  that  necessary  to  attain,  with  the  inclination  adopted,  the  desired  level 
above  the  crusher.  Generally,  the  height  from  the  ground  level  at  the  mills  to  the  highest  point 
of  the  carrier  will  be  about: 
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6-7  m  (20-23  ft.)  in  the  case  of  an  ordinary  (2-roller)  crusher,  located  above  the  first  mill 
4-5  m  (13  -  16  ft.)  in  the  case  of  a  mill-crusher  (3  rollers). 

Assuming  the  floor-level  of  the  horizontal  portion  of  the  carrier,  in  the  yard,  to  be  1  m 
(3  ft.)  below  the  ground  level  at  the  mills,  and  basing  our  figures  on  a  slope  of  36%,  the  in- 
clined portion  of  the  carrier  will  have  a  length  of: 

(a)  With  an  ordinary  crusher: 

L  =  =  20-22  m  (64-72  ft.)  (2.1) 

(b)  With  a  3-roller  crusher: 

L  =  "0  36"  =   14- 17  m  (45-56  ft.)  (2.2) 
Length  of  horizontal  portion 

The  length  of  the  horizontal  portion  is  determined  by  the  width  of  lateral  tables  or  the  space 
required  for  other  unloading  devices. 

Width 

The  width  of  the  carrier  is  always  made  equal  to  the  length  of  the  mill  rollers.  A  wider  carrier 
would  not  feed  the  crusher  uniformly  over  its  width,  since  it  would  necessitate  a  feed  hopper 
in  the  form  of  a  portion  of  a  pyramid,  converging  towards  the  crusher;  the  ends  of  the  rollers 
will  thus  receive  a  heavier  feed  than  the  centre.  A  narrower  carrier  would  have  the  opposite 
disadvantage,  which,  however,  would  be  less  marked  on  account  of  the  spreading  of  the  cut 
canes  in  the  chute. 

Speed 

The  speed  of  the  carrier  is  not  fixed  in  any  absolute  fashion.  However,  it  is  advisable  that 
it  be  related  to  the  peripheral  speed  of  the  mills,  for  example,  half  of  the  latter: 

«  =  \  (2.3) 

u  =  mean  speed  of  the  carrier 

v    =  mean  peripheral  speed  of  the  mills,  in  the  same  unit. 

We  shall  consider  how  the  thickness  of  cane  on  the  carrier  will  vary,  under  this  condition. 
The  capacity  of  the  carrier  has  the  value: 


1,000  A  =  60  uLhd 

A  =  crushing  rate,  in  t.c.h. 

M  =  speed  of  the  carrier,  in  m/min  (ft./min) 

L   =  width  of  the  carrier,  in  m  (ft.) 


(2,240  A  =  60  uLhd)  (2.4) 
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h   =  mean  depth  of  the  layer  of  cane  on  the  carrier,  in  m  (ft.) 
d  =  bulk  density  of  the  cane  on  the  carrier: 

d  =  150  kg/m3  (  9  Ib./cu.ft.)  (tangled  canes) 
d  =  175  kg/m3  (11  Ib./cu.ft.)  (parallel  canes) 
d  =  300  kg/mJ  (18  Ib./cu.ft.)  (cane  after  knife  preparation). 

We  shall  assume  the  case  of  two  sets  of  knives  and  a  shredder,  the  knives  located  before 
the  sloping  portion.  We  have  then: 

A  =  18  Luh     (A  =  0.536  Luh)  (2.5) 

We  shall  see  later  (eqn.  (12.6))  that  the  normal  capacity  of  the  mills,  A,  has  a  value: 

0.9  cnLD2  (1  -  0.06  nD)  \f~N  //a.  _  _  cnLD2  (1  -  0.018  nD)  >fN\ 


A 


/ 


(A  -  D  cni^w-  {L  -  u.uis  nu)  v  /v  i 


A  =  capacity  of  mills  with  knife  preparation,  in  t.c.h. 
n  =  speed  of  rotation  of  the  mills,  in  r.p.m. 
L  =  length  of  rollers,  in  m  (ft.) 
D  =  diameter  of  rollers,  in  m  (ft.) 
N  =  number  of  rollers  in  the  tandem 
/   =  fibre  per  unit  weight  of  cane. 
But: 

v  =  wDn  or:  Dn  =  - 

v  =  peripheral  speed  of  the  mill  rollers,  in  m/min  (ft./min). 
Whence: 

_  0.285  cLvD  (1  -  0.02  v)  \f~N  \  A      0.008  cLvD  (1  -  0.06  v) 


Q-008  cLvD  (j  -  Q-06  v>  ^  N  j 


/ 

Substituting  this  value  in  eqn.  (2.5)  and  taking  u  =  v/2,  we  have: 

h      0  032  cD\TNq  -  0.02  v)         (  ^  fr  Q.<MBE>bTN(  jl-  O.Q<®&v)  \  j  (^  ?) 

h   =  being  in  m  (ft.) 

c    =  coefficent  for  preparatory  plant. 

If  we  neglect  the  correction  term  (1  -  0.06  v),  which  varies  only  slightly  with  v  and  causes 
a  slight  decrease  in  the  cane  layer  with  increasing  mill  speeds,  we  see  that  the  thickness  of 
cane,  for  normal  operation  of  the  mills,  will  vary: 
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Inversely  as  fibre  in  cane 

Directly  proportional  to  roller  diameter 

Proportional  to  the  square  root  of  the  number  of  rollers. 


If,  instead  of  a  carrier  speed  proportional  to  that  of  the  mills,  we  had  adopted  a  constant 
speed,  independent  of  that  of  the  mills,  for  example,  5  m/min  (15  ft./min),  we  would  have 
found  that  h  would  vary  as: 


that  is,  the  thickness  of  the  cane  layer  would  be  proportional  to  the  square  of  the  roller 
diameter,  and  we  would  arrive  at  excessive  thicknesses  in  the  case  of  large  mills  and  long 
tandems,  working  at  high  speeds. 

For  this  reason  it  is  preferable  to  relate  the  speed  of  the  cane  carrier  to  the  mean  peripheral 
speed  v  of  the  mill  rollers.  The  thickness  of  the  cane  layer  is  then  proportional  to  D,  which 
is  logical  since  it  varies  proportionally  to  a  linear  dimension  of  the  mill. 

In  general,  we  adopt: 


Carrier  slats 

Cane  carrier  slats  were  previously  made  of  wood.  This  material  is  no  longer  found  except 
in  certain  lateral  tables;  it  is  unsuitable  for  use  with  knives,  on  account  of  the  stresses  impos- 
ed on  the  carrier  apron  in  its  passage  below  the  knives,  and  especially  because  pieces  of  cane 
would  fall  through  the  spaces  between  the  boards. 


Carrier  aprons  (Fig.  2.2)  are  made  up  of  steel  slats  which  overlap  by  a  rounded  edge  in 
the  form  of  a  cylinder  concentric  with  the  rollers  which  carry  the  chain  and  the  pins  which 
join  successive  links  of  the  chain  together.  This  rounded  edge  permits  a  passage  of  the  slats 
over  the  sprockets  at  the  head  and  foot  of  the  carrier,  while  maintaining  the  overlap,  and 
gives  the  apron  the  necessary  flexibility. 

The  apron  is  generally  supported  by  two  chains,  sometimes  three  in  very  wide  mills. 

Power 

The  mean  power  absorbed  by  the  cane  carrier  consists  of  two  terms: 
(a)  The  power  necessary  to  overcome  friction.  It  has  the  value: 


nD2  >T/V 


u  =  0.3-0.5  v 


(2.8) 


Fig.  2.2.  Steel  carrier  slats  (Fives  Call  -  Babcock). 


(Q  +  K)f  4-  Kf 
60  x  75 


/  _ 


(Q  4-  K)f  +  Kf 
60  x  550 


(2.9) 
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Pf=  power  necessary  to  overcome  friction,  in  h.p. 
Q  =  weight  of  cane  on  the  carrier,  in  kg  (lb.) 
K  =  weight  of  the  upper  run  of  the  conveyor,  in  kg  (lb.) 
=  weight  of  the  lower  run 

=  half  the  total  weight  of  the  moving  part  of  the  carrier 
/    =  coefficient  of  friction  of  the  upper  run,  of  the  order  of  0.30 
/   =  coefficient  of  rolling  friction  of  the  lower  run,  of  the  order  of  0.15 
u  =  speed  of  the  conveyor,  in  m/min  (ft./min) 

X   =  coefficient  of  the  order  of  1.4-  1.5,  allowing  for  the  efficiency  of  the  gearing  transmit- 
ting the  drive. 

The  values  given  for /and/'  take  into  account  all  sources  of  friction,  as  well  as  allowing 
for  a  certain  proportion  of  rollers  which  do  not  rotate,  or  do  not  rotate  freely.  They  also 
allow  for  the  difference  between  the  rolling  friction  of  the  upper  run,  on  all  the  rollers,  and 
the  lower  run,  on  loose  pulleys  of  large  diameter.  If  the  upper  run  slides,  instead  of  working 
on  rollers,  it  would  be  necessary  to  take /  =  0.60.  The  theoretical  coefficient  for  rolling  fric- 
tion is  0.15. 

The  coefficients  0.30  and  0.15  take  into  account  the  inclined  portion  of  the  carrier,  which 
theoretically  should  be  calculated  separately,  taking  into  account  the  cosine  and  sine  of  the 
angle  of  inclination.  However,  the  margin  of  error  in  the  coefficients  of  friction  makes  it 
superfluous  to  introduce  this  refinement. 

The  term: 

(6  +  K)fu  ((<i±JOfu\ 
60  X  75  \  60  x  550  / 

represents  the  friction  of  the  upper  run  under  load. 
The  term: 

60  x  75  1 60  x  550/ 

that  of  the  lower  run,  empty. 
Also,  we  have: 

Q  =  ZcLhd  (2.10) 

Zc  =  loaded  length  of  the  carrier,  in  m  (ft.) 

(for  safety  we  take  the  full  length  of  the  apron) 
L  =  width  of  the  carrier,  in  m  (ft.) 
h  =  thickness  of  the  cane  layer  on  the  carrier,  in  m  (ft.) 
d  =  bulk  density  of  the  cane  on  the  carrier  (cf.  eqn.  (2.4) 
h  =  is  given  by  eqn.  (2.5). 
We  have  also  more  simply: 
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\, 000  AZr  j        2,240  AZC\ 

Q=   \Q  =  ^^       1  (2.H) 

^         60  u  V1         60  u  I 


On  the  other  hand: 


K  =  ~{2p  +  p')  (2.12) 
Z,  =  total  length  of  the  carrier  apron,  in  m  (ft.) 

p   =  weight  per  unit  length  of  the  actual  chain,  in  kg/m  (lb. /ft.)  (we  assume  the  slats  are 
carried  by  2  chains) 

p '  -  weight  of  the  apron  (or  slats)  per  unit  length  of  the  carrier,  in  kg/m  (Ib./ft.) 
We  shall  take: 

p   -  18 -30  kg/m  (12-20  Ib./ft.)  according  to  the  type  of  chain 

p  '  =  32  -40  kg/m  perm  of  width  (i.e.  8- 10  kg/m2)  (8  -  10  lb. /sq.ft.)  for  steel  slats.  Hence, 
(48-60  Ib./ft.  length)  for  a  2  m  (6  ft.)  carrier. 
(b)  The  power  Pe  necessary  to  elevate  the  cane: 

U0O0AH  /  2,240  AH  \ 

e     3,600  x  75  \  e     3,600  x  550  J 


Pe  =  power  necessary  to  elevate  the  cane,  in  h.p. 
A  -  crushing  rate  of  the  mills,  in  t.c.h. 

H  =  difference  in  height  between  the  highest  part  of  the  carrier,  above  the  crusher,  and  the 

horizontal  part  of  the  carrier  in  the  yard,  in  m  (ft.) 
X    =  coefficient  depending  on  the  efficiency  of  the  gearing,  varying  from  1.4  to  1.5. 
Finally: 

P  =  Pe  +  Pf 

P  =  mean  total  power  absorbed  by  the  carrier,  in  h.p. 
Roughly,  we  may  reckon,  as  a  first  approximation, 

3  Z.  +  A  i       Z,  +  A  \ 

P  -  h-P-         (P  =  ±^T-  h.p.  (2.14) 


Zf  =  total  length  of  the  carrier,  in  m  (ft.) 
A   =  crushing  rate  of  the  mills,  in  t.c.h. 

The  installed  power  should  be  appreciably  higher,  say: 
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Carrier  drive 

The  cane  carrier  is  always  driven  independently,  by  electric  motor.  As  this  is  essentially  a 
constant-speed  machine,  and  the  carrier  speed  must  be  frequently  varied,  the  drive  is  effected 
through  a  variable-speed  coupler. 

Variable-speed  coupling  using  Foucault  current.  Some  organisations,  particularly  the  firm 
of  "Heenan  and  Froude"  in  England,  supply  couplings  which  may  be  interposed  between 
the  motor  and  the  driven  gears,  permitting  a  very  progressive  and  flexible  speed  variation  of 
the  driven  shaft  from  0  to  100%.  This  drive  has  already  been  mentioned  in  connection  with 
the  drive  for  lateral  tables  (p.  17).  A  flywheel,  driven  by  the  electric  motor,  turns  freely  in- 
side a  sleeve.  The  latter,  by  means  of  gears  or  belts,  drives  the  shaft  at  the  head  of  the  carrier. 
By  means  of  a  suitable  control,  actuated  by  a  knurled  knob  or  a  hand  wheel,  Foucault  cur- 
rents can  be  induced  in  the  flywheel,  and  their  intensity  varied  at  will.  As  these  currents  are 
increased,  the  drive  between  flywheel  and  sleeve  becomes  more  and  more  positive.  Thus  any 
desired  degree  of  slip  can  be  obtained  between  these  two  elements,  and  consequently  any 
desired  speed  of  the  driven  shaft. 

This  method  is  neat  and  flexible;  its  cost  is  not  excessive.  It  may  be  employed,  not  only 
for  driving  the  cane  carrier,  but  also  for  lateral  tables  and  auxiliary  carriers.  In  addition  to 
hand  control,  the  coupling  may  be  controlled  by  an  electric  motor,  e.g.,  by  one  phase  of  the 
knife  motor.  In  this  way,  the  speed  of  the  carrier  is  automatically  reduced  when  the  knives 
are  loaded,  and  increased  in  the  opposite  case;  this  serves  to  avoid  chokes  at  the  knives  and 
to  assure  a  regular  feed  to  the  mills. 

In  place  of  electrical  control,  speed  variation  may  be  effected  by  hydraulic  motor  (see  p. 
37). 

Tension 

The  free  end  of  the  carrier  is  fitted  with  an  adjustment  permitting  the  tension  of  the  conveyor 
to  be  adjusted.  Since  the  drive  is  located  at  the  head  of  the  carrier,  and  the  resistance  to  the 
movement  is  produced  by  the  loaded  upper  run  of  the  carrier,  it  is  the  lower  run  which  will 
be  slack.  Care  is  necessary  to  ensure  that  this  slack  is  neither  too  much,  nor  too  little.  The 


Fig.  2.3.  Effect  of  shape  of  carrier  head.  Straight  head.   Fig.  2.4.  Effect  of  shape  of  carrier  head.  Curved  head. 
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tension  moreover  need  not  be  great;  the  lower  run  is  allowed  to  form  tainy  pronounced 
curves  between  the  idler  pulleys. 

Form  of  head  of  the  carrier 

The  knives  sometimes  leave  a  certain  proportion  of  uncut  sticks  at  the  bottom  of  the  cane 
layer.  These  sticks  form  a  kind  of  grating  at  the  bottom  of  the  layer,  which  supports  the  chips 
and  pieces  of  cut  cane  and  prevents  them  from  falling  continuously  from  the  top  of  the  car- 
rier. 

If  the  carrier  were  to  terminate  abruptly,  the  inclined  portion  finishing  right  at  the  top 
sprockets,  the  cane  reaching  the  upper  end  of  the  carrier  in  this  way  would  first  jut  out 
beyond  the  carrier  and  then  fall  in  batches  into  the  feed  hopper  of  the  crusher  (Fig.  2.3)  or 
mill.  The  feed  of  the  crusher  would  be  irregular,  jerky  and  defective. 

To  avoid  this  disadvantage,  the  head  of  the  carrier  is  designed  with  a  gradual  curve, 
tangential  to  the  sloping  portion,  so  that  the  surface  of  the  carrier  becomes  first  horizontal, 
then  slopes  downwards  until  it  almost  reaches  the  angle  of  repose  of  cane  (or  cut  pieces  of 
cane).  The  cane  will  continue  to  fall  in  batches,  but  these  batches  are  smaller  and  more 
numerous,  and  the  intervals  between  them  more  uniform.  The  cane  may  even  form  a  con- 
tinuous blanket  from  the  carrier  to  the  crusher  (Fig.  2.4)  or  the  mill. 

It  is  necessary  therefore  to  give  careful  attention  to  the  form  of  the  head  of  the  carrier. 

Cane  elevators 

When  space  is  restricted,  the  inclined  portion  of  the  cane  carrier  may  be  replaced  by  a  cane 
elevator.  This  is  a  similar  piece  of  equipment,  but  designed  to  lift  the  cane  at  a  much  steeper 
angle  (Fig.  2.5).  It  operates  on  cut  canes,  since  the  elevator  is  always  located  after  at  least 
the  first  set  of  knives,  and  generally  after  both  sets  of  knives. 

The  slope  may  thus  be  increased  up  to  60°.  In  general  it  is  maintained  between  35  and  40°. 
However,  above  22°,  the  conveyor  is  no  longer  an  ordinary  carrier  and  it  is  desirable  to  make 
provision  for  preventing  slip  of  the  pieces  of  cane:  angle  irons,  spikes,  or  hooks  placed  on 
the  slats  to  give  a  positive  grip  on  the  cane. 

Such  elevators  have,  almost  inevitably,  the  disadvantage  described  above;  they  end  abrupt- 
ly, and  it  would  be  difficult  to  give  them  a  suitable  curved  form  at  the  top. 

Speed.  The  elevators  are  generally  given  a  speed  of  6-  10  m/min  (18-30  ft./min).  For 

preference,  a  value  will  be  chosen: 


u  =  0.3-0.5  v 


(2.16) 


Fig.  2.5.  Cane  elevator. 
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it  =  speed  of  the  elevator 

v   =  mean  peripheral  speed  of  the  mills. 

Power.  The  power  required  is  calculated  for  elevators  as  for  carriers.  Since  the  inclination 
is  no  longer  negligible,  the  term  Pj  ineqn.  (2.9)  should,  however,  be  multiplied  by  the  cosine 
of  the  angle  of  elevation  and  will  consequently  be  reduced  proportionately. 

Equalisers 

The  term  "equaliser"  is  used  to  describe  an  apparatus  designed  to  even  out  the  distribution 
of  cane  on  the  carrier,  and  to  level  the  layer  of  cane  to  a  certain  extent  (Fig.  2.6).  This  must 
not  be  confused  with  the  "leveller",  which  is  a  set  of  knives,  and  which  evens  out  the  layer 
of  cane  while  cutting  it. 


Fig.  2.6.  Equaliser. 


Description.  An  equaliser  consists  of  a  shaft  placed  across  the  carrier,  carrying  curved 
arms,  and  rotating  in  such  a  direction  that  the  arms  passing  nearest  the  carrier  boards  move 
in  the  opposite  direction  to  the  latter.  Thus  the  direction  of  rotation  of  the  equaliser  is  such 
as  to  throw  the  cane  backwards  (Fig.  2.6),  whereas  the  cane  knives  generally  rotate  in  such 
a  direction  as  to  throw  the  pieces  of  cane  forward  (Fig.  3.1). 

Use.  An  equaliser  is  installed  when  the  cane  is  very  tangled  on  the  carrier  and  when  the 
levelling  knives,  set  fairly  low,  would  themselves  be  unable  to  level  the  cane  adequately.  The 
equaliser  is  thus  a  secondary  and  inexpensive  piece  of  equipment,  placed  after  the  knives,  and 
designed  to  lighten  their  duty.  It  is  not  often  found  since  the  use  of  a  second  set  of  knives 
has  become  general. 

Speed.  An  equaliser  should  rotate  at  about  40-50  r.p.m. 

Clearance.  The  shaft  will  be  set  at  such  a  height  that  the  distance  between  the  ends  of  the 
arms  and  the  carrier  slats  is  slightly  less  than  the  height  h  given  by  eqn.  (2.5),  in  which  d  may 
be  taken  as  130  kg/m3  (8  Ib./cu.ft.). 
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Fig.  2.8.  "Auto-cane"  Drive  assembly,  with  motors,  filter,  hydraulic  transmission,  speed  control  and  oil  reservoir 

(Edwards  Eng.  Corp.). 


Power.  A  motor  of  power 


P  =  0.15A  (P  =  0.2  A) 


(2.17) 


p  =  power  of  the  driving  motor,  in  kW  (h.p.) 
A  =  crushing  rate,  in  t.c.h. 
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will  generally  suffice  to  cope  with  the  frequent  overloads  caused  by  the  passage  of  compact 
bundles  of  cane  deposited  on  the  carrier  by  the  crane. 

Automatic  control  of  speed 

Most  factories  in  recent  years  have  installed  their  own  system  for  ensuring  the  regular  feed 
of  cane  into  the  milling  plant,  or  have  adopted  a  system  offered  with  the  same  object  by  a 
machinery  manufacturer. 

The  best  known  system  for  such  regularisation  of  cane  feed  is  the  "Autocane",  made  by 
the  Edwards  Engineering  Corporation. 

It  comprises  a  detector,  a  hydraulic  motor,  and  control  equipment. 

The  detector  (Fig.  2.7)  consists  of  a  number  of  bars,  one  end  of  which  rests  on  the  layer 
of  cut  cane  after  the  knives,  while  the  other  end  is  pivoted  on  a  shaft  and  actuates  a  sleeve 
mounted  concentrically  on  that  shaft.  Variations  in  the  height  of  the  cane  layer  are  thus 
registered  in  and  totalised,  and  furnish  a  signal  which  is  transmitted  to  a  motor.  The  latter 
drives  an  oil  pump  the  output  of  which  drives  a  hydraulic  motor  which  in  turn  drives  the  shaft 
at  the  head  of  the  carrier.  The  speed  of  the  latter  is  thus  maintained  inversely  proportional 
to  the  thickness  of  the  layer  of  cut  cane,  in  such  a  way  that  the  volume  delivered  by  the  carrier 
remains  constant. 

The  control  equipment  allows  of  adjustment  of  speed  to  suit  the  desired  tonnage.  This  can 
be  regulated  from  25  to  100%  of  its  maximum  capacity. 

The  detector  can  be  used  only  on  the  cut  cane  after  passing  through  the  knives;  if  a  shred- 
der is  in  use,  the  result  can  indeed  be  better.  The  power  of  the  electric  motor  is  8-  16  kW 
(12-25  h.p.)  depending  on  the  capacity  of  the  tandem. 

The  "Autocane"  and  similar  devices  assure  a  very  uniform  feed,  eliminating  the  necessity 
for  an  operator  placed  at  the  carrier,  and  leading  to  a  gain  in  crushing  rate,  thanks  to  the 
regularity  of  feed  and  the  elimination  of  chokes. 


3.  Cane  Knives 


Object  and  uses 

Knives  are  not  an  indispensable  item  of  equipment  in  the  sugar  factory,  in  the  sense  that  it 
would  be  possible  to  operate  without  them.  Before  1920,  many  factories  did  not  possess 
knives.  However,  this  equipment  gives  such  an  improvement  in  feeding  that  today  it  is  no 
longer  a  question  of  doing  without  them.  A  knife  set,  for  a  factory  which  does  not  possess 
one,  would  very  soon  pay  for  itself. 

With  whole  cane,  the  attempt  at  obtaining  a  completely  even  feed  to  the  mill  is  never  really 
successful.  By  placing  an  "equaliser"  (see  p.  29)  over  the  carrier,  a  cane  layer  of  nearly 
uniform  thickness  may  be  obtained.  However,  this  layer  will  reach  the  mill  only  in  successive 
lumps,  and  its  small  bulk  density  will  render  difficult  the  work  of  the  crusher,  which  consists, 
in  short,  of  "swallowing"  as  much  cane  as  possible  in  a  given  time. 

Furthermore,  the  metal  of  the  mill  rollers  often  slips  on  the  smooth,  waxy  and  polished 
rind  of  the  cane;  hence  chokes  occur,  with  short  or  long  interruptions  to  the  feed  or  a 
decrease  in  crushing  rate.  The  knives,  on  the  other  hand,  supply  the  cane  in  very  short  and 
small  pieces.  Whereas  whole  canes  lean  one  against  the  other,  arching  over  and  leaving  voids 
between  them,  these  small  pieces  settle  together  into  a  compact  mass,  which  drops  easily  into 
the  feed  hopper,  and  which  the  crusher  will  grip  without  trouble  and  will  absorb  in  a  con- 
tinuous manner. 

Between  whole  canes  and  canes  which  have  passed  through  the  knives,  there  is  the  same 
difference  as  between  a  handful  of  matches  and  a  handful  of  sawdust.  The  difference  existing 
between  these  two  states  of  the  same  material  can  be  readily  realised.  It  is  shown  in  their 
respective  bulk  densities: 

Whole  canes  more  or  less  tangled:  125-150kg/m3  (8-9  lb./cu.ft.) 
Canes  passed  through  knives:  250-300  kg/m3  (15-  18  lb./cu.ft.) 

The  cane  knives  then  perform  two  functions  and  have  two  advantages: 

(a)  They  favour  the  capacity  of  the  mills 

(b)  They  assist  the  extraction  of  the  mills  by  breaking  the  rind  of  the  cane  and  so 
facilitating  its  disintegration  and  the  extraction  of  its  juice. 

From  the  point  of  view  of  its  resistance  to  pressure,  cane  can  in  fact  be  compared  with 
a  long  cylinder  reinforced  with  transverse  dividing  walls  (the  nodes).  Accordingly,  it  presents 
to  the  mill  a  resistance  similar  to  that  of  a  stick  of  bamboo,  the  internodes  of  which  have 
been  filled  with  a  sugar-bearing  pulp  (cane  is  moreover  very  closely  related  to  bamboo  and 
successful  attempts  have  been  made  to  cross  these  two  plants  and  so  obtain  hybrids).  The 
pulp  in  the  interior  of  these  cylinders,  which  lie  end  to  end,  will  be  more  rapidly  recovered 
as  the  cylinders  are  opened  and  the  dividing  walls  broken. 
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However,  the  value  of  knives  for  the  two  functions  described  above  is  very  unequal: 

(a)  From  the  point  of  view  of  capacity,  nothing  can  replace  them.  If  there  are  no  knives 
the  crusher  can  only  take  what  it  succeeds  in  gripping  out  of  the  light  and  bulky  mass  of 
whole  canes. 

(b)  From  the  point  of  view  of  extraction,  on  the  contrary,  the  crusher  and  the  mills  have 
precisely  the  object  of  breaking  up  the  cane,  and  crushing  the  casing  of  its  rind  and  the  hard 
structure  of  its  nodes.  It  is  possible  then  to  carry  out  this  function  of  the  knives  by  good  work 
at  crusher  and  mills.  In  particular,  the  gain  obtained  from  a  knife  installation  from  this  point 
of  view  is  appreciably  inferior  to  the  gain  which  one  would  obtain  by  the  addition  of  a  further 
mill. 

It  is  then  predominantly  to  improve  the  capacity  of  the  mills,  that  knives  are  generally  in- 
stalled. 

Chopped  cane.  The  preceding  remarks  apply  to  the  general  case  of  cane  delivered  as  whole 
stalks.  If  the  factory  receives  all  or  nearly  all  of  its  cane  as  cut  pieces  from  chopper- 
harvesters,  the  case  is  very  different  and  the  main  reason  for  using  knives  disappears.  In 
Australia,  for  example,  the  cane  supply  is  100%  chopper-harvested;  the  pieces  moreover  are 
clean-cut,  straight  and  free  of  ragged  ends.  Australian  factories  take  advantage  of  this  and 
have  completely  abandoned  knives.  The  carrier  thus  delivers  the  cane  direct  to  the  shredder, 
which  becomes  the  only  preparation  device.  It  is  a  high-power,  heavy-duty  machine,  since 
the  chopped  cane  offers  more  resistance  than  normal  knife-prepared  cane. 


Fig.  3.1.  Cane  knives. 


Description 

Standard  type.  We  show  (Fig.  3.1)  a  standard  type  of  knife  installation.  It  consists  of  a 
heavy  shaft  of  hexagonal  or  octagonal  section  mounted  on  roller  bearings,  and  on  which  are 
threaded  or  fixed  arms  each  carrying  two  blades  symmetrically  placed  with  relation  to  the 
shaft. 

The  second  arm  is  offset  60°  relative  to  the  first,  if  the  shaft  is  hexagonal;  the  following 
one  is  offset  a  further  60°  and  so  on.  In  this  way,  if  there  are  36  arms,  for  example,  the  knife 
installation  will  consist  of  72  blades  distributed  in  rows  of  12  in  6  different  axial  half-planes 
(or  3  planes).  In  order  to  reduce  the  pitch  and  increase  the  number  of  cutting  planes,  the  arms 
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carrying  the  knives  are  so  fabricated  that  the  two  blades  on  each  arm  rotate  in  two  different 
planes  separated  by  half  a  pitch.  This  doubles  the  number  of  cutting  planes. 

Viewed  from  the  front,  the  72  blades  then  rotate  in  72  planes  perpendicular  to  the  axis, 
or  so-called  "cutting  planes",  consisting  of  so  many  circles  of  rotation. 

The  term  "pitch"  of  knives  is  the  mean  distance,  measured  parallel  to  the  axis,  separating 
two  successive  circles  of  rotation. 

The  knife  blades  are  removable,  so  that  they  can  be  easily  taken  off  for  resharpening  or 
for  replacement  by  another  set  of  blades. 

It  is  preferable  to  fix  a  knife  to  the  arm  in  such  a  way  that  the  edge  affected  by  shocks 
is  supported  by  a  flange  or  a  wide  stirrup  rather  than  fixing  it  so  that  shocks  are  absorbed 
by  the  bolts  or  pins  securing  the  knife.  In  the  latter  case,  the  bolt  hole  becomes  ovalised  and 
some  play  develops,  accentuating  the  effect  of  shocks;  the  hole  thus  forms  a  section  of 
weakness  in  the  knife,  leading  to  breakage. 

Other  designs.  Apart  from  this  standard  type,  certain  manufacturers  have  introduced 
various  modifications  of  detail,  the  principal  ones  of  which  have  the  objects  of: 

(1)  Prolonging  the  working  life  of  the  blades  by  diminishing  wear  of  the  cutting  edge. 

(2)  Producing  a  self-sharpening  effect  of  the  knives  on  the  trailing  edge,  and  so  rendering 
them  reversible  (Figs.  3.2  and  3.3). 

(3)  Avoiding  reduction  of  the  length  of  the  blades  with  wear. 

With  the  Mirrlees  -  Watson  bent  or  hoe  knife,  not  only  does  the  radius  of  action  remain 
constant  with  wear,  but  one  also  obtains  the  effect  of  a  transverse  cut  due  to  the  bent  end 
of  the  knife  (Fig.  3.4);  and  this  transverse  cut  is  superimposed  on  the  longitudinal  cut  made 
by  the  radial  part  of  the  knife. 

(4)  Diminishing  or  reducing  the  consequences  of  shocks,  by  mounting  the  knives  so  as  to 
swing  on  a  pin,  obtaining  at  the  same  time  a  slight  displacement  of  the  cutting  points  (Fig. 
3.5). 
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Fig.  3.4.   Mirrless  "Hoe"  knife. 


Fig.  3.5.  Swinging  knives. 


Fig.  3.6.  Knife  drive  by  electric  motor  (Fives  Cail  -  Babcock). 


Effect  on  cane  carrier 

Cane  carriers  were  previously  furnished  with  wooden  slats.  It  is  the  adoption  of  knives  which 
has  necessitated  the  provision  of  steel  slats,  since  the  wooden  boards  would  be  damaged 
under  the  knives,  and  chips  of  cane  would  pass  through  the  spaces  between  the  carrier 
boards. 

Even  with  steel  slats,  it  is  necessary  to  reinforce  the  carrier  where  it  passes  under  the  knives; 
a  reinforcing  beam  is  placed  under  each  rail  supporting  the  carrier  chains,  and  an  angle  iron 
support  under  the  ends  of  the  carrier  slats. 

Methods  of  drive 

Knives  may  be  driven  by  two  different  sources  of  power: 

(1)  Electric  motor 

(2)  Steam  turbine. 
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Fig.  3.7.  Knife  drive  by  steam  turbine. 


(1)  Electric  drive  is  effected  by  a  wound  rotor  induction  motor  with  slip-rings  and  with 
or  without  provision  for  lifting  the  brushes  (Fig.  3.6). 

(2)  Drive  by  steam  turbine  is  the  most  attractive  (Fig.  3.7).  It  permits  some  degree  of  speed 
variation,  but  is  expensive,  as  the  cost  of  the  turbine  sometimes  exceeds  twice  that  of  the  elec- 
tric motor.  Moreover,  it  necessitates  either  a  special  attendant  or  at  least  partial  supervision, 
and  it  does  not  warrant  consideration  except  for  large  tandems  above  150  t.c.h. 

As  regards  transmission  of  the  drive,  we  may  distinguish:  (a)  belt  drive,  (b)  direct  drive 
through  a  flexible  coupling. 
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(a)  Belt  drive  originally  had  the  prime  object  of  avoiding  too  drastic  shocks  on  the  knives; 
in  case  of  an  overload,  the  belt  would  come  off.  Actually  this  advantage  is  very  slight  and 
it  is  sometimes  just  as  much  trouble  to  have  to  replace  the  belt  which  has  come  off,  as  to 
replace  a  broken  knife  blade.  In  any  case,  if  it  is  a  matter  of  a  piece  of  tramp  iron  passing 
through  with  the  cane  the  belt  comes  off  but,  generally,  the  knife  is  broken  just  the  same. 
The  only  advantage  is  that,  having  stopped  the  mill,  the  knife  and  the  piece  of  iron  can  be 
more  easily  recovered;  or  indeed  the  driver  of  the  crusher  is  alerted  and  is  more  likely  to  see 
them  drop  into  the  feed  hopper. 


Fig.  3.8.  Flexible  coupling. 


(b)  In  modern  practice  the  preference  is  generally  for  direct  drive  through  a  flexible  coupl- 
ing (Fig.  3.8).  The  knife  assembly  is  connected  directly  to  the  motor  shaft  by  the  simple  inter- 
position of  a  device  which  is  relatively  flexible  and  consists  of  a  cord  or  rope  laced  alternately 
between  pins  or  studs  fixed  in  two  discs,  the  driving  disc  being  attached  to  the  motor,  the 
driven  disc  to  the  shaft  assembly  of  the  knives.  This  arrangement  is  much  simpler  and  more 
economical,  and  gives  every  satisfaction,  provided  that  the  motor  is  suffciently  powerful. 

Belt  drive  is  now  retained  only  for  connecting  two  adjacent  sets  of  knives. 

Pitch  of  knives 

We  have  already  seen  that  the  pitch  of  the  knives  is  the  interval  separating  the  circles  of  rota- 
tion or  the  cutting  planes  of  two  adjacent  blades. 

Generally,  2  or  3  sets  of  knives  are  installed,  the  first  of  50  mm  (2  in.)  pitch,  the  second 
(and  third)  of  20  —  22  mm  (just  below  1  in.). 

Number  of  blades 

The  pitch  fixes  the  number  of  blades.  In  the  case  where  each  knife  turns  in  a  different  plane 
we  have: 


N  =  -  -  1  (3.1) 
P 


N  =  number  of  knives 

L  =  width  of  carrier,  in  cm  (in.) 

p   =  pitch  of  knives,  in  cm  (in.). 
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Fig.  3.9.  Clearance  of  knives. 


When  eqn.  (3.1)  gives  an  odd  number  for  N,  the  even  number  immediately  lower  is  always 
adopted;  the  interval  between  the  extreme  blades  and  the  sides  of  the  carrier  will  then  be 
greater  than  the  pitch. 

Clearance 

The  clearance  of  a  knife  set  is  the  distance  r  between  the  circle  described  by  the  extremity 
of  the  knives  and  the  plane  passing  through  the  highest  portions  of  the  carrier  apron  (Fig. 
3.9). 

The  clearance  is  an  important  factor  in  the  operation  of  a  knife  set.  On  it  depends  the  pro- 
portion of  cane  cut  and  consequently,  to  some  extent,  the  efficiency  of  the  knives. 

The  clearance  may  be  adjusted  by  raising  or  lowering  bodily  the  steel  frame  supporting  the 
carrier  below  the  knives.  However,  it  is  preferable  to  adjust  it  by  moving  the  knives  and  their 
driving  motor  on  horizontal  slides.  Since  the  knives  are  placed  (precisely  with  this  object)  on 
the  inclined  portion  of  the  carrier,  the  clearance  can  thus  be  set  at  will  to  the  desired  value. 

Clearance  may  also  be  adjusted  by  placing  packing  pieces  under  the  knives  and  motor. 

Proportion  of  cane  not  cut 

This  is  immediately  obtained: 

/  =  r-  x  100  (3.2) 
h 

i    =  weight  of  uncut  cane,  %  of  weight  treated 
r    =  clearance  of  knives,  in  mm  (in.) 
h    =  height  of  cane  layer,  in  mm  (in.). 

Remember  that  h  is  given  in  m  (ft.)  by  eqn.  (2.4): 
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h  =  ih  =    '  (3.3) 

60  uLd         \       60  uLdl 

A  =  crushing  rate  of  mills,  in  t.c.h. 

«  =  speed  of  carrier,  in  m/min  (ft./min) 

L  =  width  of  carrier,  in  m  (ft.) 

d  =  bulk  density  of  cane  fed  to  the  knives,  in  kg/m3  (Ib./cu.ft.): 

d  =  150  kg/m3  (  9  Ib./cu.ft.)  (tangled  cane) 
J  =  175  kg/m3  (11  Ib./cu.ft.)  (parallel  cane) 

d  =  300  kg/m3  (18  Ib./cu.ft.)  (cut  cane,  in  the  case  of  2nd  knife  set). 

These  values  of  d  should  be  somewhat  higher  than  those  indicated  by  eqn.  (2.4)  since  it 
is  actually  a  question  of  the  density  of  cane  as  it  passes  through  the  knives,  and  since  the 
knives,  as  they  strike  the  cane,  pack  the  cane  to  some  extent  on  the  apron  of  the  carrier. 

The  proportion  of  cane  cut  is  obviously: 

K  =  (3.4) 
100 

It  is  not  easy  to  determine  accurately  the  mean  speed  u  for  the  cane  carrier.  The  best  way 
is  to  measure  the  total  length  of  the  carrier  apron,  to  mark  with  paint  one  link  or  one  slat, 
and  to  determine  the  time  for  this  link  to  return  to  a  given  point,  for  example  the  head  of 
the  carrier,  opposite  a  mark  made  for  this  purpose.  If  the  total  length  of  the  apron  is  Zf, 
and  if  the  marked  slat  takes  t  minutes  to  complete  its  course,  the  average  speed  will  be: 

zt 

u  =  —  m/min  (ft./min)  (3.5) 

It  will  be  advisable  to  take  the  mean  of  3,  5  or  10  complete  cycles  of  the  carrier. 
Direction  of  rotation 

The  almost  universal  practice  is  to  arrange  the  knives  to  rotate  in  such  a  manner  that  the 
knives  at  the  lowest  part  of  their  rotation  will  move  in  the  direction  corresponding  to  the 
movement  of  the  carrier  (Figs.  3.1  and  3.9).  However,  some  factories  arrange  for  one  or 
sometimes  both  sets  of  knives  to  rotate  in  the  inverse  direction.  This  is  not  always  easily  done; 
it  augments  the  cutting  effect  on  the  cane  but  at  the  same  time  increases  the  power  re- 
quirements. The  knives  should  always  be  installed  either  at  a  high  clearance  or  in  such  a  way 
as  to  throw  the  pieces  of  cut  cane  upwards. 


Knife  blades 

Knife  blades  should  be  in  special  steel.  FCB  supplies  them  in  steel  of  type  55  SCD  8  with 
C-Si-Mn-Cr-  Mo,  heated,  tempered  and  hardened,  with  Brinell  hardness  of  360/400 
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HB.  When  the  knives  are  subject  to  wear  due  to  sand  and  stone,  carbon  steel  XC  32  may 
be  used;  this  can  be  resurfaced  in  place  by  application  of  tungsten  or  stellite. 

Balancing.  A  set  of  knives  must  be  well  balanced.  In  order  to  avoid  lack  of  balance  when 
the  knives  are  reassembled,  at  the  beginning  of  a  season  or  after  re-sharpening,  it  is  necessary 
to  weigh  the  blades  and  replace  them  in  pairs  such  that  on  each  arm  carrying  two  opposed 
blades,  the  weight  of  these  blades  is  practically  equal.  In  the  same  way,  when  a  knife  has  to 
be  replaced,  two  opposite  blades  should  be  removed,  and  replaced  by  two  new  or  used  blades, 
of  equal  weight. 

Maintenance.  A  mechanic  should  be  detailed  and  charged  with  the  job  of  inspecting  the 
knife  set  every  week  at  the  time  of  the  weekly  shut-down,  in  order  to  check  whether  there 
are  any  loose  bolts,  or  loose,  ovalised  or  cracked  knives  which  should  be  changed. 

Method  of  utilising  knives 

Maxwell1  distinguishes  two  types  of  knives,  according  to  the  role  which  is  demanded  of  them: 

(a)  The  leveller  knives  which  are  required  mainly  to  even  out  the  layer  of  cane.  They  are 
arranged  to  work  with  a  high  clearance  and  in  consequence  leave  a  large  proportion  of  uncut 
cane. 

(b)  The  cutting  knives.  This  second  effect  is  sought  only  when  two  sets  of  knives  are  in- 
stalled: the  first,  at  the  bottom  of  the  sloping  portion  of  the  carrier,  would  play  the  role  of 
levellers,  the  second,  immediately  after  the  first  or  at  the  head  of  the  carrier,  would  then  have 
the  function  of  finishing  the  complete  disintegration  of  the  cane,  and  would  be  used  at  a  very 
small  clearance  (Fig.  3.10). 

This  distinction,  we  fear,  is  somewhat  artificial.  A  single  set  of  knives  performs  a  task  con- 
siderably more  important  than  simple  levelling  of  the  cane  layer.  It  "minces"  the  cane  into 
small  pieces  which  cover  up  and  fill  in  the  gaps  in  the  feed  and  so  improve  the  feeding  of 
the  crusher.  Many  single  sets  of  knives  are  employed,  with  such  a  clearance  that  they  are  in 
reality  cutting  knives.  However,  the  general  practice  is  to  install  at  least  two  sets  of  knives. 

Finally,  we  consider  that  the  above  distinction  has  no  significance  except  when  it  is  a  mat- 
ter of  describing  the  effective  roles  of  two  sets  of  cane  knives  working  on  the  same  carrier. 
It  is  then  rather  appropriate. 


2nd  Knife  set 


Fig.  3.10.  Installation  of  two  sets  of  knives. 
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The  second  knife  set.  We  have  seen  the  great  value  of  a  set  of  knives,  on  account  of  its 
favourable  influence  on  the  feeding  and  the  capacity  of  the  mills.  To  obtain  the  full  effect 
desired,  it  is  necessary  to  have  two  sets  of  knives  at  least.  One  set  cannot  reduce  the  thickness 
of  the  cane  layer  sufficiently  nor  can  it  cut  the  cane  sufficiently  fine.  This  action  is  achieved 
by  the  second  set  of  knives,  which  cuts  the  lower  layer  which  the  first  set  has  not  touched, 
and  delivers  the  cut  cane  in  smaller  and  thinner  pieces.  The  second  set  thus  facilitating  the 
feeding  of  the  mills: 

(7)  From  the  point  of  view  of  extraction,  according  to  several  tests,  the  gain  obtained  by 
a  second  set  is  found  to  be  small  and  difficult  to  detect. 

(2)  From  the  point  of  view  of  capacity,  its  effect  is  much  more  definite,  although  obvious- 
ly appreciably  less  than  that  of  the  first  set.  We  can  reckon  approximately: 


In  other  words,  the  first  set  of  knives  gives  a  gain  of  approximately  15%,  the  second  adds 
another  4  or  5%.  This  is  indeed  much  less  but,  taking  into  account  the  costs  of  purchase  and 
upkeep  of  a  knife  set,  it  is  still  very  profitable.  The  second  set  is  particularly  useful  with  a 
short  tandem,  since  it  is  then  desirable  to  present  to  the  mills  pieces  of  cane  as  finely  divided 
as  possible,  in  such  a  way  as  to  enable  the  earlier  mills  to  obtain  the  maximum  extraction. 
It  is  with  tandems  of  5  mills  (say  15  rollers)  or  more  that  Maxwell2  advised  against  a  second 
set;  he  considered  on  the  contrary  that  with  4  mills  (12  rollers)  and  less,  the  second  set  could 
be  useful.  We  think  that  if  his  comments,  dating  from  1932,  had  been  written  30  years  later, 
his  conclusion  would  have  been  different  and  two  sets  of  knives  would  have  been  recom- 
mended in  all  cases. 

The  third  knife  set.  It  is  difficult  to  assess  the  gain  in  capacity  achieved  by  a  third  set  of 
knives.  It  could  perhaps  be  expressed  by  inserting  a  coefficient  of  1.22  in  the  above  formula 
for  capacity.  It  is  certainly  a  small  gain  only,  but  a  third  knife  set  is  fairly  widely  used.  It 
completes  the  work  of  preparation  and  permits  attaining  a  better  index  of  preparation  (cf. 
p.  61).  Cane  preparation  today  is  considered  so  important  that  the  installation  of  a  third 
set  of  knives  does  not  completely  rule  out  the  addition  of  a  shredder  as  the  fourth  preparatory 
device. 

The  shredder,  however,  has  one  advantage  over  knives.  In  countries  where  numerous 
stones  occur  in  fields  and  mechanical  loading  allows  them  to  arrive  at  the  mill,  they  cause 
much  less  damage  to  the  shredder  than  to  the  knives.  However,  the  knives  are  unfortunately 
the  first  in  line,  and  receive  all  the  stones  which  have  escaped  the  means  of  detection  and 
so  suffer  considerably.  The  first  knives  thus  detect  the  stone,  the  carrier  is  stopped,  the 
following  knives  and  shredder  are  protected,  but  several  blades  have  been  damaged  and  these 
accidents  are  very  expensive,  owing  to  the  stoppage,  the  loss  of  time  and  the  loss  of  knife 
blades. 

It  is  thus  very  important  to  take  all  possible  measures  to  detect  stones  before  the  first  set 
of  knives.  The  factory  of  Bois-Rouge,  in  Reunion,  which  crushes  at  100  t.c.h.,  has  3  sets  of 
knives,  arranged  and  driven  as  follows: 


Relative  capacities 


Without  knives 
1 


With  1  set 
1.15 


With  2  sets 
1.20 


42 


CANE  KNIVES 


Ch.  3 


Knives 

Number  of 

Pitch 

Speed 

Clearance 

Nominal  power 

Mean  power  absorbed 

blades 

(mm)  (in.) 

(r.p.m.) 

(mm)  (in.) 

(kW)  (h.p.) 

(kW)  (h.p.) 

1st 

32 

50  2 

480 

305  12 

130  175 

55  75 

2nd 

32 

50  2 

480 

10  f 

130  175 

75  100 

3rd 

80 

22  I 

640 

6.5  i 

255  340 

90  120 

The  value  of  the  third  set  is  debatable:  it  does  not  give  an  appreciable  gain  in  capacity, 
but  its  supporters  assert  that  it  assures  that  a  high  extraction  can  be  regularly  maintained. 
Its  effect  is  often  compared  with  that  of  a  shredder.  It  would  be  particularly  indicated  in  the 
case  of  extraction  by  diffusion,  as  the  mass  of  chips  furnished  by  3  sets  of  knives  permits 
of  a  better  circulation  of  liquid  than  the  mattress  furnished  by  2  sets  of  knives  and  a  shredder. 

Speed  of  rotation 

The  speed  of  rotation  of  a  knife  set  varies  from  400  to  720  r.p.m.  The  speed  most  frequently 
used  is  500  r.p.m.  In  South  Africa3  it  varies  from  500  to  700,  with  an  average  of  600  r.p.m. 

The  firm  of  Fletcher  considers  that  the  optimum  speed  lies  between  500  and  600  r.p.m., 
and  that  higher  speeds  give  scarcely  any  better  results  while,  on  the  other  hand,  one  or  two 
broken  blades  can  put  the  set  badly  out  of  balance  and  cause  more  serious  damage  with 
higher  speeds. 

In  certain  countries  the  speed  has  been  pushed  up  as  far  as  1200  r.p.m.  It  may  be  con- 
sidered that  this  would  give  very  fine  preparation,  but  at  such  speeds  wear  on  the  blades  must 
be  very  rapid,  power  consumed  must  be  considerable  and  accidents  would  be  more  serious. 

We  recommend  500  r.p.m.  for  the  first  set  and  600  r.p.m.  for  the  second,  while  agreeing 
that  if,  for  the  sake  of  uniformity,  it  is  preferred  to  adopt  the  same  speed  for  both,  there 
would  be  little  disadvantage  in  doing  so. 

Power 

General  considerations.  The  average  power  absorbed  by  a  set  of  knives  depends  on: 

(1)  The  tonnage  of  cane 

(2)  The  fibre  in  the  cane 

(3)  The  nature  of  the  fibre,  whether  more  or  less  resistant 

(4)  The  proportion  of  cane  actually  cut  -  that  is,  on  the  clearance 

(5)  The  number  of  blades 

(6)  The  speed  of  rotation 

(7)  The  radius  of  the  cutting  circle 

(8)  Diverse  variable  factors:  friction,  lubrication,  knives  more  or  less  worn. 

These  latter  factors  cannot  be  measured  accurately  and  it  is  scarcely  easier  to  take  into  ac- 
count the  first  three  factors,  although  they  are  measurable,  since  their  influence  is  variable 
and  problematical.  The  number  of  blades  in  particular  seems  paradoxically  to  have  little  in- 
fluence. Nicklin4  in  Australia  cites  a  set  of  70  blades  which,  in  analogous  conditions,  consum- 
ed less  power  per  tonne  of  cane  than  another  set  with  36  blades.  Consequently  we  shall  be 
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content  with  relating  the  power  to  the  tonnage,  which  remains  the  most  important  factor. 
While  sometimes  expressed  in  terms  of  t.c.h.,  it  is  only  the  fibre  rate  (t.f.h.)  that  is  relevant. 

More  recently,  Australian  workers5  have  found  a  very  marked  difference  between  the 
power  necessary  when  the  canes  are  delivered  in  pieces  furnished  by  a  chopper-harvester, 
relative  to  the  power  normally  required  for  whole  canes.  This  difference  is  obviously  more 
marked  for  the  first  set  of  knives  than  for  the  second.  They  give  the  figures  shown  in  Table 
3.1. 


TABLE  3.1. 


POWER  CONSUMPTION  OF  KNIVES  (QUEENSLAND) 


Whole  cane 

Chopped  cane 

PM 

Pm 

PM 

Pi 

1st  set 
2nd  set 

0.75  (1) 
0.82  (1.1) 

3.2  (4.2) 

3.3  (4.4) 

1.8  (2.4) 

1.9  (2.5) 

0.33  (0.4) 
0.45  (0.6) 

0.75  (1) 
1.2(1.6) 

0.45  (0.6) 
0.60  (0.9) 

Pm  =  mean  power  absorbed,  in  kW/t.c.h.  (in  brackets,  in  h. p. /t.c.h.) 

=  maximum  peak  power,  in  kW/t.c.h.  (h. p. /t.c.h.) 
p.    =  power  to  be  installed,  in  kW/t.c.h.  (h. p. /t.c.h.). 

This  table  is  based  on  the  principle  that  an  electric  motor  can  furnish  for  15  seconds  a 
power  equal  to  1.7  times  its  nominal  power. 
Farrell,  in  1971,  gave  figures  for  power  as  shown  in  Fig.  3.1 1  for  electric  motors  to  be  in- 
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Fig.  3.11.  Knife  absorbed  power  (Farrel). 
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stalled  for  driving  knives  at  600  r.p.m.  The  upper  line  in  the  graph  is  applicable  for  knives 
of  20-22  mm  (|-|  in.)  pitch  at  a  setting  of  25  mm  (1  in.);  the  lower  line  for  knives  of 
38-50  mm  (lj-2in.)  pitch,  set  at  150-200  mm  (6-8  in.).  If  the  knife  set  is  driven  by  a 
steam  turbine,  Farrell  advises  providing  a  turbine  of  nominal  power  33%  higher  than  that 
indicated  for  the  electric  motor.  He  recommends  a  rotational  speed  of  3,600  r.p.m.,  with 
6  - 1  reduction  gear  and  power  50%  above  the  indicated  power  requirements. 

FarrelPs  lower  curve  (for  leveller  knives)  still  remains  appropriate  for  the  present  day;  it 
allows  for  motors  as  generally  provided.  However,  techique  has  developed  since  1971  and, 
for  shredding  knives,  has  led  to  much  higher  power  requirements. 

A  good  example  is  given  by  South  African  practice.  Table  3.2  gives  the  power  installed 
for  knives  in  that  country.  The  figures  are  in  kW/t.f.h.  and  are  derived  from  the  mean  of 
22  tandems;  extreme  values  are  indicated  in  brackets.  Power  consumed  is  of  the  order  of  60% 
of  the  mean  power  installed. 

TABLE  3.2 


POWER  INSTALLED  FOR  CANE-KNIVES,  IN  kW/t.f.h. 


Method  of  operation 

1st  knives 

2nd  knives 

3rd  knives 

Operating  as  levellers 

1  (  3-15) 

Levellers  in  reverse  rotation 

10  (  7-14) 

Working  as  shredder 

20  (14-30) 

20  (10-40) 

12  (  9-  18) 

Shredder  in  reverse  rotation 

24  (20  -30) 

40  (30  -70) 

16  (14-  19) 

Influence  of  clearance.  We  have  sometimes  found  that  factory  employees  have  the  impres- 
sion that  by  diminishing  the  clearance  by  half,  passing  for  example  from  10  cm  to  5  cm,  one 
would  double  the  necessary  power.  But,  as  we  have  just  seen,  the  clearance  is  concerned  only 
as  it  affects  the  depth  by  which  the  knives  plunge  into  the  layer  of  cane.  If  this  depth  is  0.65 
m  (2  ft.),  a  clearance  of  0.15  m  (6  in.)  (h  -  r  =  0.5  m)  will  require  a  power  only  50%  greater 
than  a  clearance  of  0.30  m  (12  in.)  (h  -  r  =  0.35  m). 

Effect  of  wear.  In  proportion  as  the  blades  become  worn,  the  power  consumption  in- 
creases. It  has  been  found  in  Australia6  for  knives  which  had  been  sharpened  on  Sunday, 
an  increase  of  11  -  17%  in  power  consumption  between  Monday  and  Friday. 

Variations  in  power.  It  is  necessary  merely  to  stand  alongside  an  electrically  driven  knife 
set  furnished  with  an  ammeter  in  order  to  see  the  continual  and  fierce  variations  in  the  power 
consumption  of  such  a  set. 

The  mean  value  which  we  have  given  corresponds  to  the  sum  of  instantaneous  values  rang- 
ing from  a  little  more  than  half  to  more  than  double,  according  to  the  density  of  loading  of 
the  portion  of  the  carrier  arriving  at  the  knives.  A  bundle  of  parallel  canes  would  cause  the 
circuit  breaker  to  function  if  the  crane  were  to  deposit  such  a  bundle  directly  into  the  carrier. 

Automatic  regulation  of  carrier  speed.  In  order  to  avoid: 

(a)  The  disadvantages  of  an  excessive  variation  in  rate  of  cane  arriving  at  the  knives 
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(b)  Irregularity  in  feeding  of  the  mills 

(c)  Chokes  at  the  knives  and  stoppages  involved  for  clearing  these 

Most  factories  interpose  a  coupler  of  the  "Heenan  and  Froude"  type  between  the  carrier  and 
its  driving  motor  (c/.  p.  27)  and  actuate  the  coupler  by  means  of  one  phase  of  the  motor  driv- 
ing the  first  set  of  knives,  for  example.  With  this  arrangement,  the  carrier  slows  down  when 
the  knives  are  overloaded,  and  this  allows  more  time  to  treat  the  heavily  loaded  pile  of  cane, 
and  evens  out  the  distribution  of  the  cut  cane  on  the  carrier.  The  overload  on  the  second  set 
of  knives  is  much  lower  and  this  in  turn  is  evened  out. 

When  two  sets  of  knives  are  installed,  it  will  be  satisfactory  to  provide  for  each  of  these 
an  installed  power  equal  to  approximately  f  of  the  preceding  values. 

However,  many  factories  tend  to  install  a  second  set  of  knives  much  more  powerful  than 
the  first,  the  power  of  the  motors  being  for  example  in  the  proportion  of  2  to  3.  The  total 
power  in  such  cases  is  not  always  designed  to  be  different  from  the  foregoing,  and  is  main- 
tained equal  to  double  the  value  given  above.  Everything  depends  on  the  duty  demanded  of 
each  of  these  two  sets;  a  very  powerful  second  set  can  well  recover  or  compensate  for  the 
inadequate  work  of  a  first  set  which  is  old,  slow  or  has  only  a  small  number  of  blades.  The 
opposite  is  sometimes  seen,  the  major  part  of  the  work  sought  being  obtained  by  the  first  set. 

Drive  to  adjacent  knife  sets.  The  two  sets  of  knives  may  be  connected  by  a  belt,  provided 
of  course  that  the  pulley  sizes  correspond  to  the  respective  speeds  of  the  two  motors.  This 
arrangement,  which  is  logical,  allows  the  two  motors  to  assist  each  other  when  one  or  the 
other  is  overloaded;  at  the  same  time  it  allows  the  total  power  provided  for  the  two  motors 
to  be  reduced  by  perhaps  25%.  It  may  be  employed  wherever  the  distance  between  the  two 
sets  of  knives  permits.  Both  sets  of  knives  in  fact  may  be  driven  from  a  single  motor  directly 
coupled  to  one  set. 

Such  an  installation  thus  provides  great  flexibility.  The  nominal  power  of  the  two  motors 
may  well  be  reduced  to  7.5  and  12  kW/t.f.h.  (10  and  15  h.p./t.f.h.)  respectively,  with  little 
adverse  affect  on  the  results  sought.  To  be  able  to  drive  the  knives  in  this  way,  it  is  advisable 
that,  even  with  V-belt  drives,  the  distance  between  the  shafts  of  the  two  sets  should  not  be 
more  than  4.25  m  (14  ft.)  or  preferably  3.6  m  (12  ft.).  It  is  also  recommended  that  the  two 
motors  be  of  the  same  type  and  naturally  of  the  same  speed,  otherwise  the  amount  of  slip 
would  be  different.  It  is  also  recommended  in  Australia7  that  the  ratio  of  the  power  of  the 
first  motor  to  that  of  the  second  should  be  between  0.8  and  1.0  if  the  load  on  the  belt  is  to 
be  as  low  as  possible. 

Clearances  for  two  knife  sets 

The  case  of  two  sets  of  knives  is  by  far  the  commonest.  The  first  set  is  then  given  a  high 
clearance  and,  for  this  role  of  leveller,  knives  of  fairly  high  pitch  are  provided:  generally  50 
mm  (2  in.),  with  a  small  number  of  blades;  it  is  driven  at  500  r.p.m.,  sometimes  600. 

The  second  set  on  the  other  hand  is  very  close  to  the  carrier,  for  example,  with  a  clearance 
of  50  mm  (2  in.),  more  often  25  mm  (1  in.)  or  even  as  low  as  10  mm  (g  in.).  It  may  be  driven 
at  500  r.p.m.,  more  often  at  600,  sometimes  at  750  r.p.m.  It  has  a  greater  number  of  blades, 
the  pitch  being  as  low  as  25  mm  (1  in.)  and  even  22  mm  (I  in.). 

The  clearance  adopted  for  the  first  set  should  be  approximately  one-quarter  of  the  height 
of  the  layer  of  cane. 


46 


CANE  KNIVES 


Ch.  3 


Bulk  density  of  cane  prepared  by  knives 

o 

The  bulk  density  of  cane  after  passing  through  two  sets  of  knives  is  given  by  Kerr  as  being 
of  the  order  of  480  kg/m3  (30  lb./cu.ft.);  this  value  corresponds  to  an  excellent  degree  of 
preparation.  In  Reunion,  it  is  only  of  the  order  of  320  kg/m3  (20  lb./cu.ft.). 

Ducasse  knives 

Among  the  interesting  devices  for  cane  preparation,  Ducasse  knives  are  worthy  of  mention 
(Fig.  3.12).  This  equipment  consists  of  a  shaft  carrying  discs  or  bosses  to  which  knife  blades 
are  fixed,  each  by  three  bolts;  this  shaft  is  enclosed  in  a  casing  and  rotates  at  580-  1000 
r.p.m.  The  knife  set  is  located  at  the  top  of  the  cane  carrier  and  arranged  so  that  the  plane 
of  the  conveyor  bringing  the  cane  (or  chips  of  cane  cut  by  a  preceding  leveller)  is  tangential 
to  the  circle  of  cut  of  the  blades.  The  direction  of  rotation  of  the  assembly  is  such  that  the 
blades  pass  upwards  through  the  bed  of  cane  on  the  carrier;  they  thus  throw  the  cut  pieces 
toward  the  roof  of  the  casing.  They  strike  an  inclined  plate  which  is  prolonged  to  a  toothed 
anvil  set  very  close  to  the  circle  of  cut,  35  mm  (If  in.)  at  entry,  10  mm  (fin.)  at  delivery. 
The  knives  force  the  pieces  through  this  narrow  passage  and  are  furnished  with  plates  which 
act  as  hammers  and  so  add  a  shredding  action  to  their  cutting  action.  The  inventor  of  this 
equipment  has  called  it  a  chopper-fiberiser.  Power  installed  is  approximately  9  kW/t.f.h.  (12 
h.p./t.f.h.). 

Ducasse  has  also  developed  a  knife  set  in  which  the  knives  are  mounted  on  stout  pins,  on 
which  they  can  oscillate  freely  about  a  vertical  plane;  thus  they  suffer  much  less  damage  due 
to  stones  or  other  foreign  bodies.  This  type  of  knife  presents  two  advantages: 


Fig.  3.12.  Ducasse  knives  -  operating  principle 
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(a)  The  free  oscillation  permitted  for  the  blades  forms  a  valuable  protection  against  the 
effects  of  damage  due  to  stones 

(b)  The  size  of  the  pins  assures  a  long  life  and  much  less  wear  than  in  the  standard  models. 

Mechanical  loading  and  stones 

With  the  mechanisation  of  cane  growing,  the  traditional  hand  cutting  of  cane  has  been 
replaced  in  many  countries  by  mechanical  harvesting,  and  is  progressively  being  replaced  in 
other  countries.  This  development  has  led  to  the  use  of  chopper-harvesters  which  cut  the  cane 
into  short  sections  which  are  transported  to  the  factory  by  tipping  trucks  or  trucks  with  other 
types  of  mechanical  unloading.  This  method  of  harvesting  presents  great  risk  of  deterioration 
of  the  chopped  cane:  the  cane  should  go  to  the  mills  as  rapidly  as  possible,  preferably  in  2  -  6 
hours  after  cutting,  otherwise  there  will  be  considerable  losses  of  sugar.  The  chopped  cane 
may  contain  tops  and  leaves  but  these  do  not  include  any  hard  material.  Unfortunately,  on 
account  of  the  costs  of  chopper-harvesters,  introduction  of  mechanisation  generally  com* 
prises  an  intermediate  phase  between  manual  and  chopper-harvesting,  which  consists  of  plac- 
ing the  canes  in  piles  on  the  ground  and  picking  them  up  by  conveyor-elevators  or  other 
machines  such  as  rakes  or  grabs.  This  method  of  harvesting  presents  the  grave  disadvantage 
of  sending  to  the  factory,  among  such  bundles  of  cane  picked  up,  stones  and  sometimes  rocks 
of  some  30-40  kg  (70-90  lb.)  in  weight  (one  factory  in  Hawaii  has  even  thus  picked  up  a 
pig,  somewhat  mutilated,  which  was  detected  and  taken  out  only  seconds  before  the  first  set 
of  knives).  These  rocks,  if  not  detected  before  passing  to  the  knives,  have  a  disastrous  effect 
on  the  latter:  knives  are  damaged  or  broken,  sometimes  knife  holders  similarly,  knife  shafts 
are  bent,  and  the  pieces  of  knives  not  removed  on  reaching  the  mills  may  damage  the  groov- 
ing of  the  rollers. 

It  is  therefore  desirable,  if  possible,  to  avoid  picking  up  stones  with  the  cane,  and  the  only 
sure  method  of  doing  this  is  the  careful  and  complete  removal  of  stones  in  the  field;  and  then 
those  which  persist  into  the  factory  must  be  detected  in  time.  One  such  method  is  to  tip  the 
cane  into  a  pit  from  which  it  is  removed  by  an  elevator,  set  at  a  steep  slope,  which  feeds  the 
carrier.  The  Cameco  organisation  has  adopted  28.5°;  others  use  35°,  and  our  recommenda- 
tion is  30°.  Conveyor  chains  with  hooks  attached  and  spaced  at  about  60  cm  (2  ft.)  pick  up 
the  cane  from  the  pit,  take  it  up  the  slope,  and  deliver  it  into  the  carrier.  The  stones,  being 
heavier,  remain  at  the  bottom,  or  roll  or  slide  down  the  slope.  The  accumulated  stones  are 
removed  from  the  pit  once  or  twice  a  day  according  to  the  quantity. 

It  is  sometimes  considered  sufficient  to  use  an  ordinary  lateral  conveyor  which  drops  the 
cane  onto  a  steel  plate  inclined  at  40  or  45°,  from  which  the  cane  falls  onto  the  carrier.  A 
stone  falling  from  the  height  of  some  2  m  (6  ft.)  onto  this  plate  produces  a  characteristic 
bang:  the  conveyor  and  the  carrier  are  then  stopped  and  then  the  stone  removed.  For  a  more 
positive  arrangement,  a  microphone  may  be  placed  below  the  plate  and  connected  to  an 
amplifier,  so  that  above  a  certain  sound  intensity,  an  alarm  is  set  off. 

Without  such  precautions,  factories  working  at  the  stage  of  pusher-loading  of  cane  can 
suffer  a  very  unfortunate  season;  we  may  quote  one  case  of  45  hours'  stoppage  due  to  this 
cause  only  in  the  course  of  one  season,  with  more  than  200  blades  broken  and  almost  100 
bent. 
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4.   Tramp-Iron  Separators 


Generally,  no  strict  account  is  kept  of  the  number  or  weight  of  pieces  of  steel  and  cast  iron 
which  pass  through  a  mill  in  the  course  of  a  season. 

The  commonest  objects  are:  pieces  of  knife-blades,  sling-hooks,  broken  pieces  of  slings, 
monkey  wrenches,  horse-shoes,  bolts  and  nuts.  Pieces  of  cast  iron  or  special  steel  are  the 
most  dangerous.  Sometimes,  the  engine-driver  at  the  mills  hears  the  noise  made  by  the  piece 
of  iron  falling  into  the  feed  hopper,  or  the  abnormal  noise  of  the  crusher  or  first  mill.  The 
mill  is  then  stopped,  the  foreign  body  found  and  removed. 

Whether  it  is  detected  in  time  or  not,  but  especially  in  the  latter  case,  such  incidents  are 
expensive.  In  particular,  when  contemplating  the  destruction  of  a  certain  length  of  roller 
grooving,  one  may  estimate  the  loss  suffered  by  calculating  the  value  of  1.5  mm  (rgin.)  of 
thickness  or  of  a  cubic  centimetre  of  roller  metal.  The  rollers  are  often  turned  down  during 
the  slack  season  to  restore  their  grooving,  and  in  this  operation  several  sixteenths  in  diameter 
are  lost  -  this  loss  being  added  to  that  due  to  normal  wear.  It  is  necessary  to  take  deeper 
cuts  when  the  roller  surface  has  been  more  severely  damaged. 

To  avoid  such  damage  and  losses,  efforts  are  made  to  eliminate  the  pieces  of  "tramp 
iron".  The  amount  of  tramp  iron  may  be  reduced  by  taking  precautions  in  the  loading  and 
unloading  of  the  cane,  by  insisting  on  strict  tidiness  at  the  cane  platform,  and  by  supervising 


Fig.  4.1.  Suspended  magnetic  separator. 
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the  tightening  of  bolts  at  the  carrier  and  the  knives.  But  the  best  guarantee  lies  in  the  installa- 
tion of  a  magnetic  separator,  generally  known  as  a  "tramp-iron  separator". 

Description 

Originally,  magnetic  separators  took  the  form  of  electromagnets  fixed  on  the  bottom  of  the 
feed  chute  to  the  first  mill,  or  constructed  in  the  form  of  a  rotating  cylinder  projecting  into 
that  chute.  These  devices  had  some  disadvantages  and  were  not  effective. 

The  device  now  recommended  consists  of  an  electromagnet  contained  inside  a  rectangular 
box  suspended  above  the  last  cane  conveyor  before  the  entry  to  the  first  mill,  and  covering 
the  full  width  of  the  conveyor  (Fig.  4.1).  This  is  generally  a  rubber  band  conveyor  and  should 
run  at  a  minimum  speed  of  1.20  m/s  (4  ft./s),  preferably  2  m/s  (6  ft./s);  thus  the  pieces  of 
cane  will  form  a  thin  layer  less  than  140  mm  (5|  in.)  in  thickness,  preferably  50-  100  mm 
(2-4  in.).  It  is  advisable  to  arrange  for  the  conveyor  to  pass  closely  over  a  supporting  flat 
plate,  to  avoid  sagging  of  the  conveyor.  The  box  holding  the  magnet  should  be  at  most  400 
mm  (16  in.)  above  the  surface  of  the  conveyor,  preferably  250 — 300  mm  (10 —  12  in.). 

This  device  consumes  about  7  kW  (9  h.p.)  and  has  an  efficiency  of  80  -  90%,  nearly  100% 
as  far  as  large  pieces  of  iron  are  concerned.  We  have  known  this  type  of  separator  to  pick 
up  from  the  cane  carrier  a  knife  holder  with  its  two  blades,  weighing  70  kg  (155  lb.).  It  may 
be  reckoned  that  the  magnetic  separator  avoids  about  90%  of  the  damage  that  would  other- 
wise be  suffered  by  the  roller  surfaces. 

Financial  aspect 

The  magnetic  separator  is  expensive,  but  consumes  little  power  and  gives  efficient  protection 
to  the  rollers.  It  therefore  pays  for  itself  rapidly;  it  is  a  profitable  and  useful  piece  of  equip- 
ment. 

It  becomes  all  the  more  necessary:  (a)  with  a  long  train  of  mills;  (b)  when  a  higher  hydraulic 
pressure  is  employed.  Actually,  much  tramp  iron  passes  undetected  through  the  whole 
tandem  and  so  damages  all  the  rollers.  Further,  the  damage  suffered  by  the  rollers  rapidly 
becomes  more  serious  with  increasing  pressure. 


5.  Crushers 


OBJECT 

The  crusher  is  the  first  machine  applying  pressure  which  the  cane  encounters  on  arriving  at 
the  milling  plant.  It  consists  of  a  mill,  generally  of  two  rollers,  which  performs  two  main 
functions: 

(a)  It  assures  the  feeding  of  the  whole  tandem 

(b)  It  prepares  the  cane  in  such  a  way  as  to  facilitate  the  grip  of  the  rollers  and  the  extrac- 
tion of  juice  by  the  mills. 

The  characteristics  of  a  crusher  therefore  are  the  following: 

(1)  It  possesses  a  surface  especially  constructed  to  permit  it  to  grip  the  cane  or  pieces  of 
cane  which  are  fed  to  it,  in  the  best  conditions  possible. 

(2)  This  surface  must  at  the  same  time  be  designed  in  such  a  way  as  to  break,  tear  up,  and 
crush  the  cane,  in  order  to  permit  the  mills  to  get  to  work  immediately  and  effectively  on 
the  broken-up  material,  which  is  already  of  the  nature  of  bagasse  rather  than  cane. 

(3)  It  should  have  a  peripheral  speed  superior  to  that  of  the  mills  which  it  has  to  feed,  since 
the  material  which  is  fed  to  it  has  not  yet  assumed  the  form  of  bagasse,  and  is  still  difficult 
to  grip.  If  it  had  the  same  speed  as  the  mills,  it  would  be  handicapped  in  its  attempt  to  supply 
the  quantity  of  material  which  they  are  capable  of  treating. 

2-ROLLER  CRUSHERS 

Types 

Many  types  of  crushers  have  been  designed  and  tried,  but  only  two  have  achieved  general 
importance.  These  were: 

(a)  The  Krajewski  (now  of  historical  interest  only;  see  first  edition,  pp.  38-45) 

(b)  The  Fulton. 

The  Fulton  type  is  named  after  the  firm  which  has  predominantly  contributed  to  its  design 
and  wide  use.  It  is  the  only  type  used  at  the  present  day. 

The  Fulton  roller  is  really  a  mill  roller  treated  so  as  to  serve  in  a  crusher.  It  is  a  surface 
of  revolution,  obtained  by  taking  a  serrated  line,  enclosed  between  two  lines  parallel  to  the 
axis,  and  rotating  this  around  the  axis  of  the  roller.  Thus  there  is  obtained  circular  grooving 
of  V  form,  separated  by  ridges  or  teeth  of  inverted  V  shape  (Fig.  5.1). 

Since  a  surface  of  revolution,  even  with  grooving,  is  scarcely  suitable  for  assuring  a  grip 
on  the  cane,  grooves  are  cut  longitudinally  in  the  form  of  chevrons  which  form  a  number 
of  notches  in  each  tooth  of  the  roller.  The  profile  of  these  teeth  is  so  chosen  as  to  favour 
the  grip  on  the  cane  (Fig.  5.2). 
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Fig.  5.1.  Fulton  crusher  rollers  (Fives  Cail  -  Babcock). 


h 


Fig.  5.2.  Notches  of  Fulton  roller.  Fig.  5.3.  Fulton  grooves. 


Since  the  Fulton  grooves  tend  to  become  blocked  with  bagasse,  it  is  general  practice  to  fit 
scrapers  to  the  two  rollers  of  this  crusher. 

Grooving 

The  angle  of  the  grooves  is  about  35  -  55°  (Fig.  5.3),  often  45°  with  French  firms.  The  pitch, 
which  here  means  the  distance  from  one  tooth  to  the  next,  varies  from  38  to  100  mm  (lj  to 
4  in.).  The  most  frequent  values  are  50-75  mm  (2-3  in.). 

When  the  angle  is  50°,  the  depth  is  slightly  greater  than  the  pitch.  In  practice,  however, 
the  manufacturer  does  not  finish  the  tooth  profile  at  a  point;  it  would  be  too  fragile.  He 
finishes  it  with  a  small  flat  surface  a  a  (Fig.  5.3)  the  width  of  which  is  approximately  one- 
tenth  of  the  height  of  the  tooth,  without  going  lower  than  1.5  mm  (j^in.). 

What  pitch  should  be  chosen?  There  are  two  trends:  the  first  consists  of  proportioning  the 
pitch  to  the  diameter  of  the  roller.  The  rule  could  be  suggested: 


p  =  0.075  D 


(5.1) 


2-ROLLER  CRUSHERS 


53 


D  =  mean  diameter  of  the  rollers 

p  =  pitch  of  the  grooves,  in  the  same  unit. 

However,  it  is  not  practical  to  have  a  different  pitch  for  every  roller  diameter,  and  the  se- 
cond trend  is  to  proportion  the  teeth,  not  to  the  dimensions  of  the  mill,  but  to  those  of  the 
cane,  which  are  independent  of  the  equipment.  In  this  case,  for  the  usual  roller  dimensions 
of  660  X  1,220  mm  to  1,065  X  2,134  mm  (26  X  48  in.  to  42  x  84  in.),  grooving  of  39  X 
40  mm  could  be  recommended,  i.e.  39  mm  in  depth  and  40  mm  in  pitch,  or  44  x  45,  49  x 
50,  60  x  60,  or  80  x  81  (50°  angle). 

Chevrons.  The  helicoidal  "chevron"  grooves  should  have  a  maximum  depth  slightly  less 
than  that  of  the  teeth  (Fig.  5.2).  If  these  grooves  were  to  be  taken  to  the  bottom  of  the  cir- 
cumferential grooving  there  would  be  some  risk  of  the  teeth  of  the  scraper  plates  catching 
in  them  and  causing  accidents. 

However,  we  favour  much  shallower  chevrons.  The  chevron  in  effect  removes  the  tooth 
for  part  of  its  length,  sometimes  almost  half  of  it,  thus  reducing  the  pressure  at  the  position 
of  the  chevron  and  consequently  reducing  the  efficiency  of  the  crusher.  The  quantity  of  metal 
lost  is  proportional  to  the  square  of  the  depth  of  the  chevron;  and  it  is  mainly  the  point  of 
attack  of  the  chevron  (p  in  Fig.  5.2)  which  does  the  work  and  seizes  the  cane.  A  chevron  13 
mm  (jin.)  deep  operates  nearly  as  well  as  one  of  25  mm  (1  in.),  particularly  when  it  is  new 
and  not  worn.  For  this  reason  we  recommend  using  chevrons  the  depth  of  which  is  no  more 
than  half  the  height  of  the  tooth.  There  will  then  be  little  loss  of  capacity,  and  extraction 
will  be  much  improved. 

The  pitch  of  the  chevrons  (distance  from  the  end  of  one  chevron  to  the  end  of  the  next, 
measured  circumferentially)  is  of  the  order  of  20  cm  (8  in.).  Manufacturers  often  adopt  the 
rule  of  placing  the  point  of  one  chevron  on  the  longitudinal  line  joining  the  extremities  of 
the  V  formed  by  the  preceding  one.  In  these  conditions,  the  pitch  is  proportional  to  the  length 
of  the  roller,  for  a  given  angle  0  of  the  chevrons  with  the  longitudinal  lines  (Fig.  5.4).  This 
angle  /3  is  generally  18°.  It  varies  according  to  the  manufacturer  from  16  to  25°. 

The  chevrons  of  the  upper  and  lower  rollers  are  generally  arranged  so  that  they  cross  in 
the  angle  of  the  axial  plane  of  the  two  cylinders,  on  the  line  of  maximum  pressure.  An 
observer  located  at  the  top  of  the  cane  carrier  would  see  the  chevrons  of  both  rollers,  upper 
and  lower,  both  orientated  with  their  points  upward  (Fig.  5.5).  In  this  case,  only  the  chevrons 
of  the  upper  roller  tend  to  push  the  cane  towards  the  centre  of  the  roller.  Hence  there  is  some 


Fig.  5.5.  Chevrons  point  upwards  (view  from  feed  side). 
Fig.  5.4.  Arrangement  of  chevrons.  Fig.  5.6.  Chevrons  in  "ace  of  diamonds"  (view  from  feed  side). 
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risk  of  pressure  on  the  roller  flanges.  Also,  certain  manufacturers  provide  the  lower  roller 
with  chevrons  arranged  in  the  opposite  sense;  the  same  observer  would  see  the  chevrons  of 
the  two  rollers  "in  ace  of  diamonds",  i.e.  forming  lozenge- shapes  (Fig.  5.6).  In  this  case, 
it  is  suggested  that  the  rollers  should  mesh  so  that  the  chevrons  of  the  one  come  in  between 
those  of  the  other.  This  arrangement,  however,  presents  no  marked  advantage  compared 
with  the  preceding  one. 

Inclination  of  the  housing 

The  original  two-roll  crushers  were  constructed  with  the  axes  of  the  two  rollers  in  the  same 
vertical  plane.  It  was  then  realised  that  the  feeding  was  better  and  the  grip  better  when  the 
supports  were  inclined.  At  the  present  time,  crushers  are  built  with  the  axial  plane  inclined 
at  60-75°  to  the  horizontal  (Fig.  5.7). 

The  angle  of  60°  is  still  considerably  greater  than  the  axial  plane  of  the  top  and  feed  rollers 
of  a  mill,  the  inclination  of  which  varies  from  45  to  56°.  The  flow  of  juice  on  the  feed  side 
of  the  bottom  roller  of  a  crusher  is  therefore  not  more  difficult  than  in  a  mill.  Since, 
moreover,  the  inclination  of  the  crusher  facilitates  feeding  and  the  crusher  is  above  all  a 
device  for  improving  capacity  and  for  cane  preparation  much  more  than  for  extracting  juice, 
we  prefer  the  inclination  of  60°  to  one  of  75°  or  an  intermediate  value. 


The  "diameter"  of  a  roller  of  a  Fulton  crusher,  or  of  a  mill,  is  the  mean  diameter  of  the 
roller,  measured  at  the  mid-point  of  the  teeth.  This  diameter  D  is  the  arithmetic  mean  bet- 
ween the  diameter  DM  taken  at  the  top  of  the  teeth  and  the  diameter  Dm  taken  at  the  bottom 
of  the  grooves  (Fig.  5.8): 


Certain  American  firms  give  their  crushers  a  diameter  greater  than  that  of  their  mills:  for 
example,  crusher  940  x  2,135  mm  (37  x  84  in.),  ahead  of  mills  of  915  x  2,135  mm  (36  x 
84  in.).  This  arrangement  has  the  object  of  increasing  the  capacity  and  facilitating  the  feeding 
of  the  crushers,  in  such  a  way  as  to  increase  the  tonnage  handled.  But  this  object  should  be 
achieved  by  adjusting  the  speed  of  the  crusher,  without  breaking  the  uniformity  of  the 
tandem. 


Diameter 


D  = 


m 


Dif.  5.7.  Inclination  of  crusher  frame. 


Fig.  5.8.  Mean  diameter. 
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Speed 

The  crusher,  having  to  accept  a  material  less  compact  and  more  slippery  than  that  which  it 
feeds  to  the  mills,  is  handicapped  compared  with  the  latter  as  regards  feeding.  To  overcome 
this  handicap,  it  is  given  a  surface  speed  higher  than  that  of  the  mills.  The  tonnage  crushed 
being  nearly  proportional  to  the  speed,  for  the  same  setting  between  top  and  bottom  rollers, 
the  difference  between  the  speeds  chosen  should  represent  the  handicap  involved. 

The  peripheral  speed  generally  adopted  for  the  crusher  is  25  -  50%  greater  than  that  of  the 
mills,  most  often  30-40%.  For  a  well-designed  and  well-regulated  crusher,  a  difference  in 
speed  of  30%  should  be  sufficient. 

Pressure 

We  shall  examine  later  (Chap.  10)  the  subject  of  hydraulic  pressure.  It  will  be  sufficient  to 
state  here  that,  in  general,  the  total  hydraulic  pressure  applied  to  ordinary  two-roller  crushers 
is  about  40  -  80%  of  the  pressure  applied  to  mills  (assuming  the  same  roller  dimensions),  in 
most  cases  50-75%. 

We  must  not  overlook  the  fact  that  the  crusher  is  primarily  a  device  for  feeding  and 
preparation,  and  not  primarily  one  for  extraction.  If  the  mill  is  working  comfortably,  and 
if  the  crusher  easily  takes  the  desired  tonnage,  there  is  no  disadvantage  in  loading  the  crusher; 
the  cane  preparation  and  the  extraction  cannot  but  gain  thereby.  If,  on  the  contrary,  it  is 
necessary  to  push  the  mill  to  the  maximum  of  its  capacity,  and  if  the  crusher  does  not  feed 
well  when  heavily  loaded,  there  is  much  to  be  gained  by  reducing  its  hydraulic  loading  to  50% 
of  that  of  the  mills. 

The  procedure  to  adopt  also  depends  greatly  on  the  pressure  adopted  for  the  mills.  If  the 
mean  specific  pressure  at  the  mills  (cf.  p.  128)  is  high,  that  of  the  crusher  may  more  readily 
be  reduced. 

The  specific  hydraulic  pressure  (s.h.p.,  cf.  p.  128)  of  a  crusher  should  be  at  least  5  ton- 
nes/dm2 (45  tons/sq.ft.).  A  good  value  would  lie  between  8  and  12  tonnes/dm2  (75  and  100 
tons/sq.ft.).  There  is  generally  no  advantage  in  exceeding  15  tonnes/dm2  (140  tons/sq.ft.): 
the  crusher  does  not  lift;  it  does  not  feed  so  well,  and  the  preparation  is  not  appreciably  bet- 
ter. 

Lift 

The  crusher,  receiving  a  material  which  is  not  yet  crushed,  and  transforming  it  to  a  broken 
material,  is  the  pressure  device  which,  for  this  reason,  has  to  do  most  work  of  compression, 
as  regards  extent  of  crushing.  Further,  being  at  the  head  of  the  tandem,  it  is  not  protected 
by  a  preceding  crushing  device  and  is  the  first  to  receive  foreign  bodies,  stones,  lumps  of 
earth,  and  various  objects,  some  of  them  vary  hard  and  resistant.  For  these  reasons,  crushers 
are  designed  with  a  greater  margin  of  lift  than  are  mills,  of  the  order  of  38-63  mm  (1  ^  —  2| 
in.)  in  general,  shall  we  say  with  greater  precision  of  the  order  of  6-7%  of  the  roller 
diameter.  Fulton1  has  provided  the  crusher  at  Belle  Glade  with  a  maximum  lift  of  3|  in.  (95 
mm),  or  9.6%  of  the  roller  diameter. 

Power 

We  shall  consider  the  power  consumption  of  a  crusher  and  the  power  to  be  provided  for  its 
drive  when  discussing  the  power  requirements  of  mills  (cf  Chap.  14). 
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Here  and  now,  we  may  indicate  that  the  power  consumed  by  a  crusher  is  about  75%  of 
that  of  a  mill  of  the  same  roller  dimensions  and  the  same  speed,  and  utilising  the  same  total 
hydraulic  pressure.  If  the  hydraulic  pressure  of  the  crusher  is  70%  of  that  of  the  mills  which 
follow  it,  and  if  its  speed  is  30%  greater,  the  power  consumed  by  the  crusher  will  be  (cf.  p. 
234): 

0.75  x  0.70  X  1.3  =  f 

of  the  mean  power  absorbed  by  each  of  the  following  mills. 

This  proportion  is  easily  remembered  with  the  aid  of  the  mnemonic:  the  power  of  crushers 
is  to  that  of  mills  in  approximately  the  same  proportion  as  the  respective  number  of  rollers. 

Also,  when  comparing  the  power  requirements  of  two  tandems  of  mills,  it  is  logical  to  take 
into  consideration  the  number  of  rollers  in  each  of  the  two  tandems.  A  tandem  of  17  rollers 
should  take  $  of  the  power  necessary  for  a  tandem  of  15  rollers  of  the  same  characteris- 
tics. 


VALUE  OF  2-ROLLER  CRUSHER 

At  one  time,  it  was  not  considered  that  a  tandem  could  be  installed  without  a  2-roller  crusher. 
The  few  tandems  of  3-roller  mills  had  all  their  mills  similar,  both  in  roller  surface  and  roller 
speed;  they  achieved  a  good  extraction,  but  a  crushing  rate  inferior  to  that  of  tandems  with 
a  crusher.  The  situation  changed  completely  when,  after  discarding  the  crusher,  someone  had 
the  idea  of  using  the  first  mill  in  such  a  way  as  to  replace  it.  We  shall  see  that  this  idea  suc- 
ceeded very  well  and  since  then  the  2-roller  crusher  has  become  an  unprofitable  and  cumber- 
some machine.  It  could  not  always  be  made  to  function  properly;  it  lifted  badly  or  not  at 
all,  it  sometimes  used  to  feed  badly,  it  lengthened  unduly  the  cane  carrier  and  the  space  taken 
up  by  the  tandem.  We  are  strongly  in  favour  of  eliminating  it  and  installing  only  3-roller 
units. 


3-ROLLER  CRUSHER 

The  name  "3-roller  crusher"  or  "mill-crusher"  is  used  for  a  mill  similar  to  others  of  the 
tandem  but  placed  at  the  head  of  the  train,  forming  the  first  unit  of  application  of  pressure 
and  extraction  of  juice,  and  designed  to  perform  the  duty  of  a  crusher.  The  differences 
relative  to  the  following  mills  are  then: 

(1)  A  speed  greater  than  that  of  the  mills  situated  immediately  after  it 

(2)  The  roller  surfaces  are  provided  with  deep  grooving  and  with  numerous  gripping 
chevrons. 

Speed 

The  speed  of  the  mill-crusher  is  made  appreciably  higher  than  that  of  the  first  mill.  For  a 
factory  following  the  Java  school  (speeds  decreasing  from  the  first  to  the  last  mill)  it  will  be 
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the  highest-speed  mill  of  the  tandem.  For  a  factory  following  the  Hawaiian  school  (speeds 
increasing),  its  speed  will  be  of  the  order  of  that  of  one  of  the  later  mills  of  the  tandem.  The 
following  are  two  examples  of  the  scale  of  speeds: 

(1)  Central  Igualdad,  in  Puerto  Rico.  Tandem  of  15  rollers  (mill-crusher  of  863  x  1,620 
mm  (34  x  60  in.)  and  other  mills  of  810  x  1,620  mm  (32  x  60  in.),  preceded  by  one  set 
of  knives: 

TABLE  5.1 


CENTRAL  IOUALDAD,  SEQUENCE  OF  SPEEDS 


(m/min) 

V 

(ft./min) 

n 

(r.p.m.) 

%  last-mill 
speed 

Mill-crusher 

12.30 

40.4 

4.53 

95 

1st  mill 

11.10 

36.4 

4.35 

86 

2nd  mill 

11.70 

38.4 

4.58 

91 

3rd  mill 

12.30 

40.4 

4.82 

95 

4th  mill 

12.90 

42.3 

5.05 

100 

V  =  peripheral  speed  of  rollers;  n  =  speed  of  rotation. 


(2)  Caymanas,  in  Jamaica.  15-roller tandem  with  three-roller  crusher  635  x  1,220mm  (25 
x  48  in.)  and  four  mills  610  x  1,220  mm  (24  x  48  in.),  preceded  by  a  set  of  knives: 

TABLE  5.2 

CAYMANAS,  SEQUENCE  OF  SPEEDS 

V  n  %  last-mill 

  (r.p.m.)  speed 

(m/min)  (ft./min) 


Mill-crusher 

9.18 

30 

4.61 

82 

1st  mill 

7.82 

26 

4.09 

70 

2nd  mill 

8.80 

28.9 

4.60 

79 

3rd  mill 

10.00 

32.9  , 

5.23 

90 

4th  mill 

11.15 

36.6 

5.83 

100 

With  the  Hawaiian  practice,  followed  almost  universally  today,  we  support  the  idea  of  giv- 
ing the  mill-crusher  a  peripheral  speed  equal  to  that  of  the  last  mill  of  the  tandem. 

Hydraulic  pressure 

If  the  mill-crusher  takes  the  feed  well,  it  is  advantageous  to  apply  to  it  the  same  hydraulic 
pressure  as  on  the  heaviest-loaded  mills  of  the  tandem.  If  it  feeds  badly,  the  pressure  may 
without  serious  disadvantage  be  reduced  to  75%  of  the  mean  pressure  used  on  the  following 
mills;  but  care  should  be  taken  to  increase  it  again  when  feeding  returns  to  normal. 

Power 

The  mean  power  consumed  by  a  mill-crusher  is  determined  exactly  as  for  an  ordinary  mill 
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(cf.  Chap.  14).  The  coefficient  of  the  term  allowing  for  the  work  of  compressing  the  cane, 
however,  is  increased  by  20  -  25%  by  reason  of  the  substantial  extra  work  required  for  break- 
ing up  a  harder  and  more  resistant  material  (fragments  of  rinds  and  nodes  not  yet  disinte- 
grated). 

Use  of  3-roller-crusher 

A  tandem  without  a  crusher  would  be  incomplete.  Such  would  be,  in  particular,  the  case  of 
a  tandem  of  12  or  15  rollers,  for  example,  in  which  the  first  unit  was  provided  with  rollers 
running  at  the  same  speed  and  having  the  same  grooving  as  those  of  the  following  unit. 

On  the  other  hand,  if  this  first  unit  really  forms  a  crusher,  by  the  nature  of  its  roller  sur- 
face, and  its  speed,  we  prefer  it  to  have  three  rather  than  two  rollers.  Perhaps  the  capacity 
would  not  show  any  great  gain,  but  the  following  advantages  may  be  confidently  expected: 

(1)  Extraction  definitely  superior. 

(2)  Uniformity  of  all  units  of  the  tandem.  For  an  electrically  driven  tandem,  for  example, 
there  would  be  no  disadvantage  in  having  all  the  motors  identical. 

(3)  Head  room  required  is  much  less.  A  tandem  with  ordinary  crusher  feeding  the  first  mill 
by  gravity,  as  is  usual,  requires  2-3  m  (7-9  ft.)  extra  height  compared  with  a  tandem  all 
units  of  which  are  of  three  rollers  and  placed  at  the  same  level. 

(4)  Length  and  space  taken  up  by  the  carrier  are  much  less.  For  an  ordinary  crusher,  the  car- 
rier must  ascend,  at  its  slope  of  30  -  60%,  this  extra  height  of  2  -  3  m.  This  means  some  6-  10 
m  (20-30  ft.)  extra  length  to  be  provided  for  the  sloping  portion  of  the  carrier. 

Moreover,  the  cost  of  a  tandem  of  12  rollers,  including  accessories,  is  not  appreciably 
greater  than  that  of  an  11 -roller  tandem;  similarly,  for  15  rollers  compared  with  14,  and  so 
on. 

Table  5.3  gives  the  results  reported  in  Java  for  1930,  reduced  to  a  standard  roller  size  of 
1,520  x  760  mm  (60  X  30  in.). 

TABLE  5.3 


CAPACITY  AND  EXTRACTION  OF  MILLING  TANDEMS  IN  JAVA 


Number  of 

Tandem 

Number  of 

Capacity 

Extn, 

Lost  juice 

factories 

rollers 

(t.c.h.) 

%  fibre 

3 

Crusher  +  3  mills 

11 

31 

93.5 

48 

26 

4  mills 

12 

32.2 

93.9 

44 

93 

Crusher  +  4  mills 

14 

41.7 

94.6 

39' 

15 

5  mills 

15 

34 

95.4 

34 

The  rather  low  relative  capacity  which  will  be  noted  for  the  15-roller  tandems  arises  from 
the  fact  that  in  Java  the  mill-crushers  in  1930  had  not  the  speed  nor  the  grooving  which  they 
would  have  required  to  be  real  crushers.  If  it  were  possible  to  compare  14-rollertandems  with 
similar  tandems  of  the  same  design,  but  of  15  rollers,  and  provided  with  true  mill-crushers, 
it  would  be  seen  that  the  difference  in  capacity  would  be  reversed  in  favour  of  the  15-roller 
trains. 
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EXTRACTION  OF  A  CRUSHER 

The  extraction  obtained  in  a  crusher  is  very  variable:  the  crusher  is  a  device  for  feeding  and 
preparation,  and  not  for  extraction.  However,  it  is  advantageous,  for  the  total  extraction  of 
the  tandem,  that  it  should  extract  as  much  as  possible,  since  the  less  juice  it  leaves  in  the  cane 
entering  the  first  mill,  the  less  will  remain  in  the  begasse  leaving  the  last  mill.  The  mills  do 
recover  a  very  large  proportion  of  the  juice  which  the  crusher  leaves,  but  never  all  of  it. 

Table  5.4  gives  the  proportion  of  juice  extracted  by  the  various  types  of  crusher,  as  a 
percentage  of  sugar  in  cane: 

TABLE  5.4 

EXTRACTION  WITH  DIFFERENT  TYPES  OF  CRUSHER 

Extraction  %  absolute 
juice 


Krajewski  (2  rollers) 

Fulton  (2  rollers) 

Double  crusher  (4  rollers) 

Mill-crusher  (3  rollers) 

Fulton  crusher  followed  by  mill  (5  rollers) 


This  table  demonstrates  the  value  of  the  mill-crusher.  The  figures  are  given  with  a  large 
margin,  since  they  vary  with  diverse  factors,  and  particularly  with  fibre  in  cane. 

LARGE  3 -ROLLER  CRUSHER 

In  Australia,  it  is  not  uncommon  to  find  tandems  of  3-roller  units,  in  which  the  first  mill 
is  larger  than  the  following  ones,  not  only  in  diameter,  but  also  in  length  of  the  rollers;  for 
example,  a  tandem  of  5  mills,  the  first  being  915  x  1,980  mm  (36  x  78  in.)  and  the  four 
others  each  846  x  1,830  mm  (34  x  72  in.).  This  arrangement  has  the  disadvantage  of  break- 
ing the  uniformity  of  the  tandem,  but  this  disadvantage  is  not  very  serious  for  the  first  mill 
which  normally  should  have  different  grooving  and  different  speed.  On  the  contrary,  it  per- 
mits of  maintaining  peripheral  rotational  speeds  of  the  same  order  throughout  the  length  of 
the  tandem.  We  approve  of  this  arrangement,  which  permits  mills  after  the  first  to  be  used 
to  the  maximum  advantage. 

Certain  factories  provide  a  large  unit  not  only  for  the  first  mill,  but  also  for  the  last  mill. 
This  arrangement  is  also  partly  justified,  but  less  so  than  the  preceding  one. 


REFERENCES 

1  Sugar  Azucar,  59  (5)  (1964)  68. 
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6.  Shredders 


OBJECT 

The  object  of  the  shredder  is  to  complete  the  preparation  and  disintegration  of  the  cane,  so 
as  to  facilitate  the  extraction  of  juice  by  the  mills. 

LOCATION 

The  shredder  is  placed  at  the  head  of  the  tandem,  after  the  knives  and  before  the  first  mill. 
At  an  earlier  period,  when  crushers  were  more  common,  the  shredder  was  sometimes  placed 
between  the  crusher  and  the  first  mill.  This  allowed  it  to  work  on  cane  already  deprived  of 
part  of  its  juice,  and  with  its  fibres  partly  disintegrated.  It  thus  consumed  much  less  power 
and  functioned  more  smoothly  and  sweetly;  but  it  does  not  then  fit  so  readily  into  the  equip- 
ment: it  breaks  the  continuity  and  symmetry  of  the  milling  train,  and  interrupts  the  supervi- 
sion of  it. 

There  was  also  a  shredder  incorporated  with  the  crusher  or  the  first  mill.  This  was  the  Max- 
well crusher-shredder,  which  was  described  and  studied  in  the  second  edition  (pp.  62-65). 
It  is  no  longer  of  anything  but  historical  interest. 

The  types  most  used  at  present  (1981)  are  the  Searby  and  Gruendler  shredders.  These 
render  excellent  service,  and  we  shall  discuss  their  main  characteristics;  however,  there  is  a 
definite  trend  now  to  replace  them  by  models  devised  on  the  same  principle  but  more  power- 
ful, which  will  also  be  considered  in  detail. 


FUNCTION  OF  THE  SHREDDER 

The  shredder  owes  its  existence  and  its  value  to  the  fact  that  the  tissue  of  cane  cells  is  very 
resistant:  simple  crushing  between  rollers,  even  under  very  high  pressure,  is  not  sufficient  to 
break  all  the  cells  and  extract  the  juice.  On  the  other  hand,  if  these  cells  can  be  torn  open 
and  disintegrated,  the  juice  is  liberated,  becoming  more  accessible  and  more  easily  extracted. 
To  obtain  such  an  effect  it  is  necessary  to  rupture  the  tissues:  this  is  achieved  by  forcing  the 
pieces  of  cane  to  pass  through  a  very  narrow  space,  thus  blocking  them  on  one  side  and  strik- 
ing them  on  the  other  side  with  a  powerful  blow;  the  hammer  mill  has  been  chosen  with  this 
object. 

The  shredder  thus  consists  of  a  rotor  working  at  500,  1,000  or  1,500  r.p.m.,  generally 
1,000-1,200  r.p.m.,  carrying  hammers  which  are  pivoted  on  discs  or  plates;  the  end  of  the 
hammer  passes  very  close  to  an  anvil  plate  which  is  formed  either  with  a  saw-toothed  profile 
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or  of  rectangular  bars.  The  space  or  "clearance"  between  the  anvil-bars  and  the  path  of  the 
rotating  hammers  is  of  the  order  of  a  few  millimetres.  It  may  vary  for  example  from  25  mm 
(1  in.)  at  the  entry  to  the  zone  of  operation  to  10  mm  (f  in.)  or  even  less  at  the  delivery  from 
the  anvil-bars. 

Since  the  cane  is  composed  of  long  fibres  and  pulp  or  pith  carrying  the  juice,  the  material 
leaving  the  shredder  is  a  mass  of  cell  material  or  pith  mixed  with  long  thread-like  fibres  which 
felt  the  material  together  and  contribute  to  hold  it  together  when  it  is  subjected  to  the 
pressure  of  the  mill  rollers. 

The  shredder  thus  fills  a  role  which  neither  the  knives  nor  the  mills  can  fulfill.  It  establishes 
a  state  of  subdivision  of  the  cane  which  greatly  facilitates  the  work  of  the  mills. 

Extent  of  disintegration 

The  state  of  disintegration  of  the  cane  is  expressed  by  the  Displacability  Index  (D.I.),  that 
is,  the  percentage  of  pol  in  the  open  cells,  or  Index  of  Preparation 1  (I. P.),  as  calculated  from 
laboratory  determination  of  pol  obtainable  by  extraction  in  cold  water,  relative  to  the  total 
pol  obtained  by  hot  extraction,  or  by  complete  disintegration  of  the  cane  in  the  cold.  In  South 
Africa  this  proportion  is  expressed  in  brix  instead  of  by  pol:  the  values  are  thus  fairly  close, 
the  free  pol  being  slightly  higher  than  the  free  brix.  We  consider  however  that  the  determina- 
tion of  the  I. P.  should  be  made  in  pol  rather  than  in  brix,  since  it  is  only  the  pol  extraction 
in  which  we  are  interested  (we  would  be  very  happy  if  our  mills  had  a  good  extraction  in  pol 
and  a  low  extraction  in  brix)  and  because  the  extraction  of  successive  mills  in  brix  is,  happily, 
appreciably  lower  than  their  extraction  of  sucrose.  After  the  knives  we  may  have  for  example 

65  or  70%  I. P.,  that  is,  of  open  cells,  after  a  conventional  shredder,  78-85%,  and  after  a 
heavy-duty  shredder,  86-92%;  exceptionally  we  may  attain  94-95%  (cf.  p.  66).  In 
Australia,  Bingera  mill  has  found  a  very  close  correlation  between  the  extraction  of  the  first 
pressure-fed  mill  and  the  percentage  of  open  cells  as  expressed  by  the  I. P.:  e  =  1.02  I. P. 

The  Index  of  Preparation  is  thus  defined: 

pol  extracted  by  washing  (cold) 

LP.  =  —  —  L  x  io0 

pol  extracted  after  disintegration 

Extraction  by  washing  is  determined  on  samples  of  500  g  in  3.5  1  of  water,  with  agitation 
for  20  min.  The  mean  of  6  determinations  is  taken. 

Extraction  by  disintegration  is  determined  on  similar  samples  (500  g  in  3.5  1)  disintegrated 
for  10  min  in  a  "Varigrator"  or  other  machine  at  a  minimum  of  7,000  r.p.m.  The  mean  of 
3  determinations  is  taken. 

Hammers 

The  hammers  are  straight  rectangular  bars  in  silicon  -  manganese  steel  pivoted  on  round  bars 
(the  arrangement  generally  known  as  a  "swing-hammer  pulveriser"  in  other  industries). 

The  Searby  shredder  may  have  a  large  number  of  hammers  (for  example  144)  each 
weighing  4  kg  (9  lb.).  The  Gruendler  uses  heavier  hammers  but  fewer  in  number:  for  example 

66  hammers  measuring  325  X  110  x  40  mm  (12|  x  4|  X  lj  in.)  and  weighing  10  kg  (22.5 
lb.)  each.  The  hammers  of  high-power  shredders,  of  the  Tongaat  type,  weigh  15-18  kg 
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(35  -  40  lb.)  and  are  arranged  in  8  rows  of  23  -  26,  giving  a  total  of  184-210  hammers.  In 
South  Africa  heavy  shredders  are  also  built  with  8  rows  of  21,  giving  a  total  of  168  hammers 
of  19  or  20  kg  (45  lb.)  each. 

These  hammers  are  tipped  on  the  working  face  with  special  steel  applied  by  welding,  which 
lasts  for  a  full  season.  Thus,  in  case  of  wear  there  is  only  one  facing  to  be  replaced,  instead 
of  a  full  hammer  in  special  steel  weighing  several  kilograms.  It  has  been  found,  however,  that 
these  facings  are  sometimes  damaged  or  worn  by  shocks.  Then  it  is  a  matter  of  re-welding 
to  renew  the  facing.  Both  faces  of  the  hammer  are  re-welded  so  that  it  can  be  reversed.  At 
Tongaat  for  example  the  shredder  has  8  rows  of  hammers;  each  week  2  rows  are  reversed 
and  2  other  rows  are  withdrawn  for  re-welding  and  replaced  by  a  row  which  has  been  welded. 
Thus  the  hammers  work  on  each  face  for  2  weeks  before  being  re-welded. 

The  re-welding  is  made  by  means  of  electrodes  in  special  steel.  The  composition  of  two 
such  steels  is  as  follows: 


(a)  Super-Safor60      (b)  Safdur800  E 


C  3.6  %  5.0% 

Cr  32.0  25.0 

Si  1.3  0.9 

Mn  0.86  0.9 

Mo  -  5.0 

Nb  -  5.5 


Super-Safor  60  is  the  same  alloy  as  used  for  re-facing  trashplates  (cf.  p.  226).  It  has  a 
Rockwell  hardness  of  63,  a  Brinell  of  780  and  requires  60  V  for  welding.  The  Safdur  is  even 
more  resistant  to  shocks. 

Index  of  preparation  and  power  usage 

Experience  has  shown  that  the  efficacy  of  preparation  depends  essentially  on  the  power  ex- 
pended to  obtain  it.  Research  has  been  carried  out  in  South  Africa  to  ascertain  the  correlation 
between  the  I. P.  and  the  power  expended.  Results  have  been  expressed  in  the  formula: 

I.P.  =  63.7  W°m        (LP.  =  85.5  Wom) 

W  =  power  expended  for  preparation,  in  kW/t.f.h.  (h.p./t.f.h.).  The  coefficient  of  correla- 
tion was  found  to  be  0.66.  This  corresponds  to  the  following  values: 
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W  (kW/l.f.h., 

LP 

10 

78.4 

SJ.4 

30 

86.5 

40 

88.8 

50 

90.6 

60 

92.1 

70 

93.4 

80 

94.5 

A  good  LP.  can  thus  be  obtained  with  50  -  8C  kW/t.f.h.  (70-  1 1G  h.p./t.f.h.). 


SEARBY-TYPE  PULVERISER 

This  is  a  swing-hammer  pulveriser  operating  in  a  steel  housing:  the  cane  enters  by  a  hopper 
at  the  top,  and  leaves  in  a  broken-up  condition  between  anvil-bars  placed  at  the  lower  part 
of  the  housing  at  a  small  clearance  from  the  circle  described  by  the  tips  of  the  hammers  (Fig. 
6.1). 

There  are  two  principal  makes  of  this  type  of  shredder,  which  are  very  similar,  and  which 
differ  only  in  the  hammers: 

(a)  The  Searby  shredder,  installed  mainly  in  Hawaii  and  in  British  territories  (Fig.  6.1), 
which  has  numerous  hammers  consisting  of  small  rectangular  bars 


Fig.  6.1.  Searby  shredder  (top  casing  removed  (Smith -  Mirrlees) 
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(b)  The  Gruendler  shredder,  installed  mostly  in  Louisiana,  Florida  and  Puerto  Rico, 
which  has  a  smaller  number  of  heavier  hammers  (Fig.  6.2). 
French  shredders  (Fig.  6.3)  follow  the  Gruendler  type. 
Fletcher,  in  England,  supplies  shredders  in  6  sizes: 

1,520  x  3,215  mm  (60  x  126. 5in.) 

1,680  x  3,375  mm  (66  x  132.8  in.) 

1,830  x  3,525  mm  (72  x  138.7  in.) 

1,980  x  3,675  mm  (78  x  144.7  in.) 

2,290  x  3,825  mm  (84  x  150.6  in.) 


Fig.  6.2.  Gruendler  shredder. 


Fig.  6.3.  Fives  Cai"  -  Babcock  shredder,  with  cover  open. 
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Gruendler  offer  numerous  models  for  which  they  indicate  the  capacities: 


1,220  mm  (48  in.):  90-  120  t.c.h. 
1,370  mm  (54  in.):  100- 125  t.c.h. 
1,525  mm  (60  in.):  135  -  165  t.c.h. 
1,830  mm  (72  in.):  145 -200  t.c.h. 
1,980  mm  (78  in.):  195  -  210t.c.h. 
2,130  mm  (84  in.):  270-325  t.c.h. 
2,440  mm  (96  in.):  325-370  t.c.h. 


They  recommend  installed  power  as  about  14  kW/t.f.h.  (19  h.p./t.f.h.)  and  estimate  power 
consumed  as  about  half  that  figure. 

Power 

In  1970  it  was  estimated  that  the  shredders  then  used  absorbed  a  power  of  10-  12  kW/t.f.h. 
(13-16  h.p/t.f.h.),  and  the  motors  or  the  drive  were  provided  with  a  nominal  power  of 
around  15  kW/t.f.h.  (20  h.p./t.f.h.). 

As  for  knives  (cf.  p.  42),  it  was  stated  that  the  number  of  hammers  had  only  a  small  in- 
fluence on  the  power  consumed  by  a  shredder.  Nicklin2  found  the  same  power  per  tonne  cane 
per  hour  for  two  shredders  one  of  which  had  51,  the  other,  144  hammers. 

However,  Crawford  has  made  a  study,  certainly  entirely  theoretical,  in  which  he  gave  the 
power  of  the  shredder  as  a  function  of  the  number  and  weight  of  the  blades.  He  arrived  at: 

P  =  91   WRhnWty  +  28)9  (P  =  5.16  WRhn3N      +  28)6)  (6.1) 

P  =  power  absorbed  by  the  shredder,  in  kW  (h.p.) 
W  =  weight  of  a  hammer,  in  kg  (lb.) 

R  =  distance  from  shaft  centre  to  pivot  of  the  knives,  in  m  (ft.) 
./V  =  number  of  knives 

n  =  speed  of  rotation,  in  thousands  of  r.p.m. 

$  =  angle  swept  by  the  knives  between  the  first  contact  with  the  cane  and  entry  to  the  anvil, 
in  radians 

d  =  angle  swept  by  the  blades  in  passing  over  the  anvil,  in  radians 

6  =  angle  by  which  the  knife  is  moved  backwards  in  its  passage  over  the  anvil,  in  radians. 

Crawford  estimates  1.5°  (0,020-0.025  radian)  for  0.  depends  on  the  design  of  the  feed 
to  the  shredder  and  varies  according  to  the  design  from  1  radian  to  jr/2.  d  is  of  the  order 

Of  7T/2. 

This  formula  gives  a  power  in  proportion  to  0,  an  angle  which  is  not  known  and  which 
can  be  measured  only  with  a  stroboscope,  using  expensive  equipment.  Furthermore,  the  for- 
mula takes  no  account  of  the  weight  of  fibre  treated,  which  certainly  plays  a  part.  Also,  and 
contrary  to  Nicklin's  comment,  we  state  the  power  as  a  function  of  the  work  required: 

Searby-type  shredders  with  light  hammers  (4-6  kg)  (9—  14  lb.): 
10-  12kW/t.f.h.  (13  -  15  h.p./t.f.h.) 
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Gruendler-type  shredders  with  medium  hammers  (7 -10  kg)  (15-22.5  lb.): 

12-15  kW/t.f.h.  (15-20  h.p./t.f.h.) 
Tongaat-type  shredders  with  heavy  hammers  (15  -  20  kg)  (35-45  lb.): 

40-50kW/t.f.h.  (55 -65 h.p./t.f.h.) 

The  latter  types  are  heavy-duty  equipment. 

The  combination  of  disintegrator  and  fiberiser  is  a  very  powerful  and  effective  item  of 
preparation  equipment,  driven  by  turbines  or  motors  totalling  130  kW/t.f.h.  (175  h.p./ 
t.f.h.),  and  credited  with  an  I. P.  of  94-95;  this  will  be  discussed  in  the  chapter  on  diffusion. 

Walkers,  in  Australia,  report  that  the  power  absorbed  is  much  less  when  the  feed  enters 
vertically  than  when  the  knifed  cane  is  fed  by  a  chute  inclined  at  60°. 

Tongaat  shredder 

The  Tongaat  shredder  (Fig.  6.8)  has  marked  a  date  in  the  history  of  cane  preparation,  not 
so  much  by  the  originality  of  its  design  as  by  the  power  which  is  applied  to  it.  It  marks  a 
stage  in  the  amount  of  power  agreed  on  to  attain  a  high  degree  of  preparation  and  a  very 
high  Index  of  Preparation.  Subsequent  installations  were  inspired  by  the  example  of  the  first, 
and  this  has  contributed  in  great  part  to  the  high  level  of  energy  expended  per  tonne  of  cane 
in  recent  sugar  factories  (cf.  p.  1019).  Driven  by  a  turbine  of  1,500  kW  (2,000  h.p.)  and  run- 
ning at  l,200r.p.m.,  with  188  hammers  of  17  kg  (38  lb.),  the  shredder  has  given  an  l.D.  (Index 
of  Displacement,  analogous  to  the  Index  of  Preparation)  of  more  than  91;  this  compares  to 
the  l.D.  of  76-80  which  was  furnished  previously  by  Gruendler  and  Searby  shredders  at 
Tongaat,  driven  by  a  motor  of  355  kW  (475  h.p.).  The  installed  power  is  thus  45  kW/t.f.h. 
(60  h.p./t.f.h.). 

Consequent  on  their  slight  swing,  the  hammers  cover  a  thickness  greater  than  that  of  the 
bagasse  layer.  The  anvil-plate  can  move  aside  by  150  mm  (6  in.)  to  allow  occasional  pieces 


Fig.  6.4.  Shredder  at  head  of  tandem. 
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of  metal  to  pass  through;  the  hammers  on  their  part  retract  by  150  mm  (6  in.),  so  that  these 
pieces  can  find  a  passage  of  300  mm  (12  in.).  The  moment  of  inertia  is  2,060  mVkg  (4,890 
sq.  ft./Ib.). 

Wear  is  slight:  after  one  million  tonnes  of  cane,  the  anvil  bars  lose  only  0.1  -0.4  mm 
25o~5o  in.)  on  the  side  where  they  face  the  hammers. 

Wear  and  lasting  qualities 

The  main  wearing  parts  are  the  hammers.  For  the  Searby,  the  life  of  the  hammers  is  reckoned 
as  about  90.000  tonnes  of  cane.  For  the  Gruendler,  the  hammers,  according  to  the  makers, 
would  last  for  400,000  tonnes  of  cane,  provided  they  are  overhauled  and  re-metalled  every 
40,000  tonnes;  we  have  been  able  to  verify  from  experience  that  the  former  figure  is  close 
to  actual  performance,  while  the  second  has  been  considerably  exceeded  and  could  attain 
200,000  tonnes. 

Saving  in  power  and  extraction 

The  power  consumed  by  the  shredder  is  recovered  in  the  mill,  which  is  relieved  of  some  of 
its  load. 

On  the  other  hand,  the  preparation  is  very  complete:  the  cane  is  reduced  to  a  veritable  lint 
and  the  gain  obtained  in  extraction  is  very  definite.  In  Hawaii,  it  is  considered  that  the  addi- 
tion of  a  Searby  improves  the  extraction  of  a  tandem  by 

e  =  %  (6.2) 

N-  8 

e   =  improvement  in  extraction  due  to  the  shredder 
N  =  number  of  rollers  in  the  tandem. 

e.g.  €  =  2.5%   for  an  1 1 -roller  tandem  (e.g.  92%  increases  to  94.5%) 
1.25%  for  a  14-roller  tandem 
1     %  for  a  15-roller  tandem. 

It  is  seen  that  the  shredder  is  more  beneficial  with  a  shorter  tandem,  which  is  readily 
understood,  since  it  presents  the  cane  to  the  mills  in  a  state  which  permits  the  mills  to  extract 
the  maximum  of  juice.  In  a  long  tandem,  where  the  action  of  the  successive  mills  of  itself 
produces  a  very  complete  disintegration,  its  relative  effect  is  much  less. 

At  the  same  time  it  must  be  kept  in  mind  that,  since  the  extraction  improves  as  the  number 
of  rollers  increases,  the  addition  of  a  shredder  can  only  work  on  a  decreasing  difference 
relative  to  100%;  when  the  extraction  is  94,  there  is  a  remainder  of  6%  on  which  im- 
provements can  be  effected,  but  when  the  extraction  is  96,  there  is  only  a  remainder  of  4%, 
and  improvement  on  this  is  much  more  difficult. 

Moor4  proposes  the  application  of  this  formula  to  the  case  of  gain  in  extraction  by  replac- 
ing a  normal  shredder  by  one  of  high  power,  and  gives: 
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Fig.  6.6.  Searby-type  shredder  (Fletcher  and  Stewart). 
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which  indicates  a  very  high  gain  as  a  result  of  the  simple  change  in  power  usage  at  the  shred- 
der. 

Crawford5  reports  tests  in  Queensland,  consisting  of  measuring  juice  extraction  of  a  pilot 
mill  at  three  different  speeds,  first  with  cane  prepared  simply  by  knives,  then  with  cane 
prepared  with  the  same  knife  set  followed  by  a  shredder.  The  extraction  in  weight  of  juice 
in  the  three  cases  was  higher  by  nearly  two  points  for  the  shredded  cane  relative  to  the  cane 
prepared  with  knives  only.  At  the  limits  of  capacity  attained  in  each  case,  the  results  were: 


Roller  speed 

Knives 

Knives  and  shredder 

4.45 

in/ m in  (14.6  ft./min) 

74.9 

76.6 

8.9 

m/min  (29.2  ft./min) 

72.5 

74 

13.6 

m/min  (44.5  ft./min) 

69.1 

71 

These  figures  suggest  that  the  extraction  of  sucrose  would  be  improved  by  at  least  three 
points  by  the  use  of  the  shredder. 

Conclusion 

The  hammer  mill  is  an  interesting  machine,  giving  a  definite  gain  in  extraction.  To  it,  to  a 
great  extent,  the  Hawaiian  Islands  owed  the  fine  results  obtained  with  their  mills  before  they 
had  to  adopt  push-rake  harvesting.  The  cost  is  fairly  high,  but  is  rapidly  repaid. 


•  Fig.  6.7.  Gruendlcr  shredder  (rotor). 
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BULK  DENSITY  OF  CANE  PREPARED  BY  SHREDDER 

Kerr6  gives  this  density  as  being  of  the  order  of  400  kg/m3  (25  lb./cu.ft.).  In  Reunion,  it  is 
only  250-275  kg/m3  (16-  17  lb./cu.ft.).  In  any  case,  it  is  thus  lower  than  that  furnished 
by  passage  through  the  two  sets  of  knives  (cf.  p.  46).  Tests  in  Mauritius7  have  given 
202  -  253  kg/m3  (12.5  —  16  lb./cu.ft.).  If  the  capacity  of  the  following  mills  is  increased  by 
the  supplementary  passage  of  the  cane  through  the  shredder,  this  will  be  due  mainly  to  the 
texture  of  the  cane  prepared  by  the  shredder,  characterised  by  long  fibres  and  the  consequent 
coherence  of  the  mass. 


TOTAL  POWER  FOR  CANE  PREPARATION 

We  have  seen  that  the  total  installed  power  for  cane  preparation  may  vary  from  24  (32)  to 
approximately  60  kW/t.f.h.  (80  h.p./t.f.h.)  (average  40).  This  is  divided  into  approximately 
46%  for  the  knives  and  54%  for  the  shredder.  The  power  consumption  is  about  50  -  60% 
of  the  installed  power,  or  approximately  20  kW/t.f.h.  (27  h.p./t.f.h.)  for  the  knives  and 
1 5  -  20  (20  -  27)  for  the  shredder. 


Fig.  6.8.  Section  view  of  a  Tongaat  shredder  (Smith  -  Mirrlees). 
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Fig.  6.9.  Shredded  cane  (photc:  Giiiciidler) 


The  power  consumed  for  good  preparation  is  of  the  same  order  as  the  power  consumption 
in  the  mills  themselves.  In  South  Africa,  for  example,  the  proportion  is  about  46  -  54  in  terms 
of  nominal  power;  it  varies  from  38/62  to  56/44.  In  terms  of  power  consumption,  this  pro- 
portion approaches  40/60  (preparation/mills). 

Finally,  the  shredder  is  particularly  valuable  from  the  financial  point  of  view:  it  provides 
substantial  improvement  in  extraction,  it  constitutes  protection  against  stones  and  tramp  iron 
which  have  escaped  the  magnetic  separator,  and  it  costs  only  one-third  the  cost  of  a  mill  and 
returns  sometimes  much  more.  The  Tongaat  shredder  has  paid  for  itself  in  slightly  more  than 
one  season. 

Two  examples,  both  from  Tongaat,  are  of  interest.  This  factory  has  two  extraction  trains. 
One  consists  of  three  sets  of  knives  of  270,  520  and  300  kW  (360,  700  and  400  h.p.),  a  shred- 
der driven  at  1,200  r.p.m.  by  a  steam  turbine  of  895  kW  (1,200  h.p.)  and  followed  by  7  mills 
of  965  x  2,134  mm  (38  x  84  in.)  This  set  handles  31  t.f.h.,  and  gives  an  LP  of  91  and 
an  extraction  of  97.48%.  Unit  B  consists  of  2  sets  of  knives  of  670  and  375  kW  (900  and 
500  h.p.).  a  shredder  driven  at  l,20Cr.p.m.  by  a  |,50CkW  (2,000  h.p.)  turbine  and  followed 
by  a  diffuser.  Il  handles  25  t.f.h.  and  gives  an  LP  of  91  and  97.96%  extraction. 
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7.  Combinations  of  Cane  Preparators 


We  have  just  discussed  the  various  types  of  equipment  which  are  placed  ahead  of  the  mills 
with  the  object  of  preparing  the  cane,  so  that  the  pressure  applied  at  the  mills  will  yield  max- 
imum extraction.  What  is  the  best  combination  which  can  be  made  of  these  devices,  par- 
ticularly in  a  new  factory  to  be  built,  in  order  to  obtain  the  best  results  without  excessive  ex- 
penditure in  investment,  maintenance,  or  power  comsumption? 

We  shall  not  discuss  the  crusher,  which  is  no  longer  of  interest.  There  remain  the  knives 
and  the  shredder,  or  analogous  disintegrators.  We  may  try  to  be  content  with  two  sets  of 
knives.  However,  this  simplification  is  indicated  only  on  condition  that  the  first  set  operates 
at  a  relatively  low  clearance,  say  only  a  few  decimetres  above  the  carrier.  Otherwise  it  is 
necessary  to  go  to  three  sets,  with  the  first  as  a  true  leveller.  If  the  last  set  can  be  arranged 
to  operate  in  the  reverse  direction,  this  would  be  an  improvement.  It  should  be  driven  by  a 
powerful  motor  20-30  kW/t.f.h.  (30-40  h.p./t.f.h.)  if  running  in  the  normal  direction; 
40-50  (55  -  70)  for  inverse  rotation). 

The  shredder  is  strongly  recommended,  and  it  is  advisable  not  to  stint  the  power  provided; 
allow  40-45  kW/t.f.h.  (55-60  h.p./t.f.h.).  It  may  be  replaced,  if  desired,  by  a  Ducasse 
knife  set  or  other  effective  device. 

Anticipating  somewhat  the  following  chapters,  we  may  suggest  a  first  mill  of  dimensions 
appreciably  superior,  in  roller  diameter  and  length,  to  those  of  the  later  mills;  this  should 
be  followed  by  four  or  five  mills,  all  with  grooving  of  49  x  50  mm.  If  the  first  mill  is  effec- 
tively larger  than  the  others,  its  grooving  could  without  any  disadvantage  be  60  x  60  mm. 

The  top  and  feed  rollers  would  be  provided  with  chevron  grooving  to  the  depth  of  half 
that  of  the  teeth.  These  mills  would  run  at  peripheral  speeds  of  15  m/min  (50  ft./min)  for 
the  first  and  12-  15  m/min  (40  -  50  ft./min)  for  the  later  mills.  If  the  factory  has  a  capacity 
lower  than  250  t.c.h.  it  would  be  sufficient  to  have  five  mills;  at  higher  rates,  it  would  be 
of  advantage  to  provide  six  mills,  and  for  very  high  tonnages,  seven  mills.  Such  decisions, 
however,  depend  on  several  other  economic  and  financial  factors  which  demand  a  full  study 
of  the  price  of  sugar,  costs  of  operation,  etc.  An  alternative  solution  would  be  to  provide 
five  mills,  all  with  pressure  feeders  (total  of  25  rollers). 

In  planning  a  five-  or  six-mill  train,  it  is  always  wise  to  allow  space  for  the  eventual  installa- 
tion of  an  additional  mill. 


8.  Feeding  of  Mills  and  Conveying  of  Bagasse 


The  prepared  cane  which  enters  the  crusher  or  the  first  mill,  as  well  as  the  material  which 
leaves  the  latter  and  travels  from  mill  to  mill  to  the  end  of  the  tandem  (which  we  shall  call 
in  all  cases  bagasse),  moves  under  the  effects  of  three  different  forces: 

(1)  Gravity 

(2)  Gravity,  restrained  by  sliding  on  an  inclined  plane 

(3)  A  thrust,  provided  by  an  endless  belt,  a  pusher  or  other  mechanical  device. 

These  three  methods  act  on  the  material  all  the  way  from  its  entry  to  the  mills  till  it  leaves 
the  tandem. 


FEED  PLATE  TO  CRUSHER 

The  prepared  cane  arriving  at  the  head  of  the  carrier  is  fed  to  the  crusher  by  a  hopper,  the 
important  part  of  which  is  the  bottom  plate. 

Length.  When  the  cane  has  not  been  passed  through  a  shredder  and  when  the  second  set 
of  knives  is  not  set  to  a  small  clearance,  there  are  always  some  whole  sticks  at  the  bottom 
of  the  cane  layer.  The  length  of  the  feed  plate  should  be  greater  than  that  of  the  largest  pieces, 
say  approximately  2  m  (7  ft.)  in  most  cases. 

Width.  The  cane  carrier,  the  feed  hopper  and  the  crusher  rollers  should  all  be  of  the  same 
width  (cf.  p.  22). 

Slope.  The  feed  plate  should  have  a  slope  of  at  least  45°  (Fig.  8.1).  Whole  cane  will  slide 
on  a  plate  with  a  much  smaller  slope  -  40°,  and  even  30°  -  but  prepared  cane  slides  much 
less  readily.  In  either  case,  it  is  advisable  that  the  material  in  the  feed  hopper  should  exert 
a  pressure  on  the  crusher  equal  to  the  greatest  possible  component  of  its  weight. 

Location.  The  line  of  the  feed  plate  should,  if  produced,  pass  through  the  axis  of  the  lower 
roller  of  the  crusher  (Fig.  8.2).  In  countries  such  as  Cuba,  where  capacities  are  forced  to  the 
maximum,  the  line  of  the  feed  plate  is  placed  somewhat  to  the  feed  side  of  this  axis,  as  A  i , 
with  the  object  of  increasing  the  space  a;  but  the  canes  on  the  feed  plate  then  have  some  dif- 
ficulty in  mounting  from  below  to  feed  between  the  two  rollers;  whereas,  when  the  plane  of 
the  feed  plate  passes  through  the  axis,  the  plane  of  the  canes  lying  along  the  feed  plate  makes 
an  angle  of  90°  or  less  with  the  surface  of  the  roller,  and  the  stalks  then  slide  naturally 
towards  the  opening  of  the  crusher. 
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Fig.  8.1.  Feed  plate  to  crusher.  Fig.  8.2.  Arrangement  of  feed  plate  to  crusher. 

Clearance  from  roller.  The  feed  plate  of  the  hopper  should  approach  as  close  as  possible 
to  the  roller.  A  clearance  of  only  6.5  mm  (|  in.)  is  left,  the  plate  being  cut  with  a  serrated 
edge  to  match  the  grooves. 


FEED  HOPPER  BETWEEN  CRUSHER  AND  FIRST  MILL 

At  the  top,  the  line  of  this  feed  plate  should  pass  through  the  axis  of  the  lower  roller  of  the 
crusher  (Fig.  8.3). 


Fig.  8.3.  Arrangement  of  feed  plate  between  crusher  and  first  mill. 

At  top  and  bottom,  the  feed  plate  should  have  a  clearance  of  6.5  mm  (\  in.)  from  the  roller 
surface.  It  should  preferably  be  cut  so  as  to  match  the  roller  grooving.  Its  inclination  f3  should 
be  about  50  -  55°.  It  should  meet  the  bottom  roller  on  the  feed  side  of  the  vertical  axial  plane 
of  the  roller,  and  at  a  distance  from  this  plane  equal  to  g  of  the  roller  diameter: 

d=f  (8.1) 

The  feeding  of  the  mill  will  be  better  with  a  longer  chute.  The  length  is  generally  made 
1.5-2m  (5-7  ft.). 

If,  instead  of  allowing  the  feed  to  slide  down  an  inclined  plate  as  described,  a  vertical  feed 
chute  is  used  or  one  very  steeply  inclined  (cf.  p.  87),  feeding  can  only  be  better. 
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INTERMEDIATE  CARRIERS 

The  intermediate  carriers  are  the  conveyors  which  move  the  bagasse  from  one  mill  to  the  feed 
of  the  next.  There  are  three  principal  types: 

(a)  Drag  conveyors,  or  rake  conveyors 

(b)  Moving-band  conveyors,  apron  or  slat  conveyors 

(c)  Fixed  carriers,  Meinecke  type. 


Fig.  8.4.  Rake-type  intermediate  carrier. 


(a)  Drag  conveyors  (Fig.  8.4) 

In  these  it  is  the  lower  run  of  the  conveyor  which  is  the  active  one.  The  conveyor  is  driven 
from  its  top  sprockets,  which  in  turn  are  driven  from  the  top  roller. 

The  headsprockets  and  returnsprockets  are  now  installed  mounted  on  one  rigid  frame, 
which  is  pivoted  about  the  axis  of  the  upper  sprockets  so  that  it  can  rise,  if  necessary,  when 
the  layer  of  bagasse  becomes  thicker.  This  frame  carries  the  runners  for  the  upper  strand  of 
the  conveyor,  and  these  will  be  fitted  with  a  pad  of  hardwood  to  avoid  shocks. 

The  chains  are  fitted  with  angle-irons  carrying  the  teeth  and  forming  the  rakes.  A  special 
corner-piece  serves  to  attach  them  to  the  links  of  the  chain  (Fig.  8.5). 


Rake  ^  ;  \^  Support  for  rake 
Fig.  8.5.  Attachment  of  angle-irons. 
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The  frame  should  be  supported  at  its  lowest  position  in  such  a  way  that  the  ends  of  the 
tines  of  the  rakes  pass  about  22  mm  (4  in.)  from  the  bottom  plate  of  the  carrier. 

The  thickness  of  bagasse  layer  entrapped  is  limited  by  the  bottom  plate  of  the  carrier  on 
the  one  hand  and  by  the  free  wing  of  the  angle-iron  on  the  other.  The  thickness  of  bagasse, 
which  fixes  the  lowest  position,  may  be  calculated  by  assuming  that  the  bagasse  blanket  is 
continuous,  that  it  has  the  same  speed  as  the  conveyor,  and  that  it  contains  95  kg  o fibre 
per  m3  (6  lb./cu.ft.).  The  adoption  of  a  weight  of  fibre  per  unit  volume  avoids  the  necessity 
of  considering  the  different  specific  weights  of  bagasses  from  different  mills,  which  vary  ac- 
cording to  the  rate  of  imbibition,  whereas  the  volume  of  these  various  bagasses  is  nearly  cons- 
tant and  independent  of  the  imbibition  rate  and  of  the  number  of  the  mill.  On  the  other  hand, 
the  value  adopted,  95  kg/m\  indicates  that  allowance  has  been  made  for  a  certain  compres- 
sion exerted  by  the  conveyor  on  the  bagasse. 

Advantages  and  disadvantages.  Drag  conveyors  are  simple,  but  wear  quickly,  because  they 
work  in  acid  juice  and  bagasse.  They  contribute  nothing  to  the  feeding  of  the  following  mill. 

Due  to  wear,  they  are  subject  to  breakages  of  the  angle-irons,  or  of  the  rake  teeth.  A 
broken  tooth  generally  escapes  unnoticed  into  the  bagasse,  and  passes  through  the  following 
mills,  damaging  the  roller  grooving.  The  acid  bagasse,  rubbing  on  the  bottom  plate  of  the 
carrier,  also  corrodes  it. 

For  these  various  reasons,  it  pays  to  make  the  roller  bushes  in  phosphor-bronze,  the  pins 
and  links  of  the  chains  and  the  bottom  plates  in  corrosion-resisting  steel. 

Location  and  arrangement.  The  angle  of  the  feed  plate  to  the  following  mill,  which  receives 
the  bagasse  delivered  by  the  rake  conveyor,  is  not  unimportant  (Fig.  8.6).  This  angle  should 
be  fairly  steep  in  order  to  permit  the  bagasse  to  slide  freely  on  the  plate,  but  should  not  exceed 
the  value  at  which  it  would  produce  an  "avalanche"  of  bagasse.  Now  the  bagasse  slides 
above  an  angle  of  40°  or  45°,  according  to  its  moisture  content,  and  it  avalanches  at  an  angle 
of  55-60°  (bagasse  soaked  with  imbibition).  The  angle  ft  should  therefore  be  about  50°, 
preferably  52-54°. 


The  space  e  left  between  the  feed  plate  and  the  feed  roller  should  be  as  small  as  possible, 
especially  in  the  later  mills,  to  avoid  dropping  fine  bagasse  in  front  of  the  feed  roller  (Fig. 
8.6).  For  this  purpose,  the  feed  plate  should  terminate  in  an  adjustable  plate  held  by  three 


Fig.  8.6.  Feed  plate  of  an  intermediate  mill. 
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Fig.  8.7.  Horizontal  intermediate  carrier  (Ewart). 


bolts,  and  cut  to  match  the  grooving.  This  precaution  is  not  always  necessary  except  for  the 
later  mills. 

Horizontal  carriers.  Certain  manufacturers  make  the  rake  conveyor  horizontal  (Fig.  8.7), 
with  the  bottom  run  tangential  to  the  upper  surface  of  the  bottom  rollers.  This  makes  it 
lighter  and  simpler;  a  useful  feature,  especially  when  bottom  rollers  are  to  be  removed. 


Fig.  8.8.  Slat-type  intermediate  carrier. 

(b)  Slat  conveyors  or  apron  conveyors  (Fig.  8.8) 

Here  it  is  the  upper  part  of  the  conveyor  which  carries  the  bagasse.  The  conveyor  is  driven 
by  the  upper  sprockets  at  the  head  of  the  conveyor,  which  in  turn  are  driven  from  the  feed 
roller. 

The  carrier  consists  of  a  continuous  apron,  composed  of  overlapping  steel  slats,  which  are 
able  to  move  relative  to  each  other  (Fig.  8.9),  as  in  the  cane  carrier. 


Fig.  8.9.  Slat  conveyor  (Fives  Cail  -  Babcock). 


The  head  of  this  type  of  carrier  is  always  provided  with  idlers  in  such  a  way  that  a  portion 
of  the  moving  apron  forms  the  feed  plate  of  the  following  mill  and  so  helps  to  push  the 
bagasse  into  the  mill. 
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Advantages  and  disadvantages.  These  slat  conveyors  have  the  disadvantage  of  being 
heavier  than  the  foregoing  type.  The  slats  carry,  nipped  between  them,  fragments  of  bagasse 
which  they  drop  between  the  mills,  making  the  floor  untidy  if  the  plant  is  not  provided  with 
a  continuous  juice  tray.  When  the  following  mill  has  a  tendency  to  choke,  it  often  happens 
that  the  slats  become  bent  owing  to  the  pressure  exerted  by  the  bagasse  accumulated  between 
the  top  roller  and  the  part  of  the  conveyor  forming  the  feed  hopper. 

However,  this  system  has  the  advantage  of  assisting  feeding  by  virtue  of  the  pressure  of 
the  slats  against  the  bagasse  in  the  feed  hopper.  This  pressure  is  slight  but  not  negligible, 
especially  when  it  is  assisted  by  a  feeding  roller  on  the  bagasse.  Further,  wear  is  less  than  in 
the  rake  type. 


Fig.  8.10.  Feeding  of  mill  with  slat-type  intermediate  carrier. 

Arrangement.  The  plane  of  the  feed-hopper  portion  should  be  tangential  to  the  feed  roller 
(Fig.  8.10). 

The  horizontal  distance  d  (Fig.  8.10)  between  the  leading  sprockets  and  the  top  roller  of 
the  mill  should  be  approximately  equal  to  j  of  the  roller  diameter: 

d  =  D/3  (8.2) 

The  plane  ab  should  be  as  nearly  as  possible  normal  to  the  axial  plane  of  the  top  and  feed 
rollers,  so  that  the  pressure  exerted  will  not  be  partially  lost  by  acting  against  the  roller  sur- 
faces. This  corresponds  to  an  inclination  equal  to  half  the  top  angle  of  the  mill  (cf.  p.  261), 
or  about  34-40°: 

e-f  (8-3) 

Inclination  of  the  sloping  portion.  The  rising  portion  of  rake  conveyors  or  apron  carriers 
is  generally  about  25°.  However,  in  very  compact  tandems,  it  goes  as  high  as  30°.  When  for 
any  reason  the  space  available  between  the  two  mills  is  limited,  it  is  possible1,  with  a  rake 
conveyor,  to  exceed  this  value  substantially,  and  to  go  as  high  as  50°  and  even  60°.  So  that 
the  bagasse  will  not  adhere  to  the  rakes,  it  is  of  advantage  to  give  the  carrier,  at  its  upper 
extremity,  an  end  portion  at  30°;  this  is  effected  by  means  of  two  idler  pulleys  placed  at  the 
point  of  change  of  slope. 
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Speed.  The  linear  speed  of  intermediate  carriers  should  be  higher  than  the  peripheral  speed 
of  the  mill  rollers.  There  is  no  disadvantage  in  exceeding  these  speeds,  which  are  very  low; 
it  permits  the  thickness  of  the  bagasse  layer  to  be  reduced,  and  especially  gives  the  effect  of 
positive  feeding  sought  in  the  apron  carrier. 

Maxwell2  indicates  a  speed  50  -  70%  higher  than  the  peripheral  speed  of  the  mill  rollers 
for  rake  conveyors,  and  (p.  200)  a  speed  equal  to  that  of  the  rollers  for  apron  carriers. 
Tromp3  advises  a  speed  higher  by  7  -  10%  for  apron  carriers.  Fives  Lille  compute  about  10% 
for  apron  conveyors,  and  up  to  200%  higher  for  carriers  of  the  rake  type.  We  have  then: 

V  =  1.5-3  V  (rake  carriers) 

(8.4) 

V  ~   1.1  V  (apron  carriers) 

V  -  linear  speed  of  intermediate  carriers 

V  =  peripheral  speed  of  the  mill  rollers,  in  the  same  units. 

When  necessary,  it  is  possible  to  push  the  speed  of  intermediate  carriers1  as  high  as  40  and 
even  60  m/min  (130  and  200  ft./min).  These  are  abnormal  speeds,  not  generally  useful. 

Power.  The  mean  power  consumption  of  the  intermediate  carriers  is  generally  scarcely  a 
matter  of  concern,  since  this  power  is  furnished  by  the  mill  itself,  and  in  a  way  forms  an  in- 
tegral part  of  the  power  required  to  operate  the  mill.  We  shall  consider  it  again  later  on  under 
this  heading  (Chap.  14). 

Roughly,  we  may  indicate  as  order  of  magnitude: 

T  =  0.075  A  (T  =  0.1  A)  (8.5) 

T  -  mean  power  absorbed  by  an  intermediate  carrier,  in  kW  (h.p.) 
A  -  crushing  rate,  in  t.c.h. 

This  power  represents  approximately  5%  of  the  total  power  required  for  the  mill. 

As  we  shall  see  later,  these  two  indications  are  given  only  to  show  typical  values;  the  actual 
power,  as  well  as  the  relative  power  consumption,  can  vary  very  substantially  above  or  below 
these  values. 


Fig.  8.11.  Fixed  intermediate  carrier  (Meinecke). 
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(c)  Fixed  carriers 

These  are  typified  by  the  Meinecke  conveyor  (Fig.  8.11).  This  is  an  ingenious  system,  which 
avoids  all  moving  mechanism:  only  the  bagasse  moves  from  one  mill  to  the  next.  The  bagasse 
leaving  the  mill  pushes  up  an  inclined  plane  the  bagasse  which  has  already  left  the  mill;  when 
it  has  attained  a  certain  height  along  the  ascending  plane,  it  slides  of  its  own  accord  down 
a  second  plane  sloping  in  the  opposite  direction. 

The  inclination  of  the  rising  portion  is  about  30°  (27  -  35°),  that  of  the  descending  portion 
about  40° .  Consequently,  the  highest  point  is  well  beyond  the  mid-point  of  the  distance  bet- 
ween the  two  mills. 

In  order  to  force  the  bagasse  leaving  the  mill  to  move  as  a  blanket  instead  of  accumulating 
in  a  heap,  it  is  enclosed  between  the  scraper  plates,  which  are  placed  close  to  the  delivery 
opening  forming  a  dihedral  angle  of  about  10°;  these  are  prolonged  far  enough  for  the  fric- 
tion on  their  surfaces  to  compress  the  bagasse  and  give  it  a  certain  cohesion,  thus  permitting 
it  to  mount  the  inclined  portion  of  the  chute  as  a  solid  blanket  without  breaking. 

Advantages  and  disadvantages.  From  the  point  of  view  of  cost,  wear  and  maintenance, 
this  system  would  obviously  be  all  that  could  be  desired.  Unfortunately,  it  lends  itself  badly 
to: 

(1)  The  feeding  of  the  following  mill,  which  has  to  grip  the  bagasse  without  assistance: 
we  have  seen  with  rake  carriers  that  a  feed-plate  angle  of  50°  is  necessary  for  proper  feeding. 
However,  this  is  not  provided,  as  it  would  necessitate  too  long  a  rising  portion. 

(2)  The  use  of  imbibition,  and  this  is  much  more  serious.  If  imbibition  is  added  as  usual 
at  the  delivery  of  the  mill  (this  would  be  possible  with  a  nozzle  inside  the  scraper  plates),  it 
would  not  be  possible  to  move  the  bagasse  with  the  added  weight  of  the  liquid.  If  it  is  applied 
at  any  point  of  the  descending  portion,  the  bagasse  blanket  is  broken,  and  the  distribution 
of  imbibition  is  defective.  In  addition,  many  people  are  opposed  to  the  idea  of  imbibition 
applied  close  to  the  following  mill,  considering  that  it  is  less  effective  than  if  applied  as  the 
bagasse  leaves  the  preceding  mill. 

Though  the  latter  argument  has  little  foundation,  the  difficulties  described  as  regards 
feeding,  and  particularly  that  of  the  proper  application  of  sufficient  imbibition,  have 
prevented  the  extension  of  this  system,  though  it  is  otherwise  very  interesting.  Moreover,  it 
is  applicable  only  in  very  compact  tandems,  in  which  the  mills  are  very  close  to  one  another. 

In  Cuba,  at  central  Punta  Alegre,  Gonzalez21  has  arranged  to  avoid  these  disadvantages 
and  to  obtain  complete  satisfaction  from  Meinecke  intermediate  carriers,  by  adopting  the 
following  arrangements: 

(a)  Slope  of  the  rising  portion  27  -  30° 

(b)  Slope  of  the  descending  portion  43-45° 

(c)  The  angle  at  the  top  of  the  conveyor  between  the  two  branches  was  replaced  by  an  arc 
of  a  circle  of  radius  0.47 Z)  (D  =  diameter  of  mill  rollers)  or  (in  the  case  quoted)  exactly  457 
mm  (18  in.),  the  centre  of  the  arc  being  at  2.84Z?  from  the  axial  vertical  plane  of  the  top  roller 
of  the  preceding  mill,  and  2.21  D  from  the  vertical  plane  of  the  top  roller  of  the  following 
mill.  The  mills  were  thus  at  5. 05  D  between  their  axes.  The  bagasse  layer  then  cracked  at  the 
summit  without  actually  breaking.  Imbibition  was  added  above  the  summit  point  by  a  spray, 
under  a  pressure  of  3.5  kg/cm2  (50  p.s.i.). 
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Feeding  of  the  mill  was  effected  by  a  feeding  roller  below  the  bagasse,  of  diameter  0.47  D. 
with  12  ribs  each  19  mm  (j  in.)  square  and  rotating  at  v "  =  1.36  v  (v  =  peripheral  speed 
of  the  mill  rollers)  and  tangential  to  the  plane  of  the  descending  portion. 

Setting  of  the  Meinecke  scrapers.  Gonzalez  recommends  that  the  entry  opening  between 
the  scrapers  should  be: 


The  opening  at  the  parallel  portion  following  the  tapered  section  should  be  1.23  times  the 
entry  opening. 

Belt-type  carriers 

The  cost  of  chains  and  slats  of  apron-type  carriers  has  suggested  the  idea  of  replacing  them 
by  a  simple  rubber  belt,  as  in  belt  conveyors  (Fig.  8.12).  The  belt  simply  passes  over  two 
drums,  an  upper  driving  drum  and  a  lower  return  drum.  The  assembly  thus  becomes  very 
light  and  may  be  driven  by  a  small  electric  motor  and  reduction  gear  situated  close  to,  and 
sometimes  even  inside,  the  upper  drum.  A  flexible  scraper,  placed  above  the  feed  roller  and 
at  the  top  of  the  return  run  of  the  conveyor,  removes  the  pieces  of  bagasse  which  stick  to 
the  belt  due  to  the  imbibition. 

These  belt  carriers  form  a  modern  and  economical  solution.  Initial  cost  is  no  higher  than 


1st  mill:  5.5 
2nd  mill:  6.5  eA 
3rd  mill:  7.0  eA 
4th  mill:  7.5 
5th  mill:  8.0  eA 
6th  mill:  8.5 


(eA  =  delivery  work  opening  of  the  mill) 


Fig.  8.12.  Belt-type  intermediate  carrier. 
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for  other  types,  and  upkeep  cost  is  much  lower.  The  belt  hardly  wears  at  all.  provided  that 
it  runs  true  and  does  not  rub  on  the  edges.  To  ensure  this,  it  is  necessary  to  set  the  two  drums 
strictly  parallel,  to  maintain  the  belt  well  centred  by  a  very  slight  convexity  of  the  upper  drum 
and,  above  all,  to  take  all  precautions  to  avoid  access  of  bagasse,  even  bagasse  powder,  bet- 
ween the  belt  and  the  drums.  With  this  object,  it  is  necessary  to  provide  a  belt  wider  than 
the  length  of  the  rollers  by  approximately  10  cm  (4  in.)  on  each  side,  and  to  support  it  on 
the  sides  of  the  upper  run  by  a  number  of  small  rollers  slightly  inclined  towards  the  middle 
of  the  belt,  also  to  provide  a  flexible  rubber  strip  to  prevent  loss  of  bagasse  between  the  side 
plates  of  the  carrier  and  the  belt.  It  is  necessary  also  to  block  on  both  sides  the  free  space 
between  the  upper  and  lower  runs  of  the  belt,  by  means  of  a  plate  extending  from  one  drum 
to  the  other. 

The  maximum  slope  of  a  rubber  belt  conveyor  is  27°  (51%);  it  should  preferably  be 
24-25°-  The  belt  is  generally  5-ply.  with  a  layer  of  1  mm  on  the  underside  and  2  mm  above. 

High-speed  carriers 

As  soon  as  the  belt  had  rendered  the  carrier  so  light,  flexible  and  manageable,  it  was  indicated 
that  it  could  be  run  faster.  Maxime  Riviere,  in  Reunion,  has  exploited  this  idea  thoroughly 
and  put  into  operation  a  high-speed  intermediate  carrier.  His  main  objective  was  to  reduce 
the  bagasse  on  the  carrier  to  a  layer  so  thin  that  the  imbibition  could  contact  all  the  bagasse 
in  transit.  With  ordinary  intermediate  carriers,  it  is  difficult  to  distribute  the  imbibition  over 
all  the  bagasse  in  a  uniform  manner,  since  the  surface  layer  absorbs  most  of  it  at  the  expense 
of  the  bulk  of  the  material.  To  accentuate  the  advantage,  Riviere  added  a  distributor- 
thrower,  acting  on  the  bagasse  as  it  left  two  Meinecke  scrapers,  and  throwing  it  onto  the  belt 
in  a  uniform  layer  (Fig.  8.13).  The  belt  runs  at  a  speed  of  approximately  8-2C  times  the 


Fig.  8.13.  Riviere-type  high-speed-belt  intermediate  carrier. 

peripheral  speed  of  the  rollers,  generally  75-  14(1  m/min  (250-450  ft./min).  Under  these 
conditions,  the  bagasse  is  spread  in  a  layer  approximately  1 3  -  25  mm  (j  -  1  in.)  in  thickness, 
and  the  belt  may  be  seen  through  the  layer.  An  imbibition  trough  distributes  the  water  or 
the  juice  on  a  plate  of  the  Maxwell  type,  assuring  a  continuous  sheet  of  liquid  across  the  full 
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Fig.  8.14.  Bagasse  layer  on  high-speed  carrier  feeding  a  Donne II J  chute 


width  of  the  carrier.  None  of  the  devices  for  distribution  over  a  thick  layer  (cf.  p.  93)  gives 
such  a  regular  distribution  of  the  imbibition  (Fig.  8.14). 

The  motor  driving  the  belt  is  of  about  2.5  —  3.5  kW  (3-5  h.p.).  that  for  the  distributor- 
thrower  4.5  -6  kW  (6-8  h.p,)-  The  latter  should  have  a  diameter  at  the  bottom  of  the  teeth 
of  about  half  the  roller  diameter,  and  a  number  of  teeth  of  about  100-  115  per  m  (30-35 
per  ft.)  of  width.  These  can  be  distributed  over  12  rows  around  the  small  roller  which  carries 
them.  It  should  rotate  at  300-400  r.p.m. 

We  have  not  ascertained  that,  in  the  range  indicated,  the  belt  speed  has  a  perceptible  effect 
on  the  extraction:  120  m/min  (400  ft./min)  shows  no  difference  relative  to  60  m/min  (200 
ft./min),  although  the  bagasse  layer  should  theoretically  be  half  the  thickness  in  the  former 
case.  We  also  consider  that  there  is  no  advantage  in  going  to  a  very  high  speed,  and  that  a 
good  belt  speed  is  that  which  throws  the  bagasse  just  into  the  feed  opening  of  the  mill.  This 
condition  appears  favourable  to  feeding  the  mill,  and  should  be  preferred  to  a  high  belt  speed 
which  throws- the  bagasse  against  the  top  roller. 

This  good  regular  feeding  is  one  of  the  favourable  characteristics  of  the  high-speed  carrier. 
Although  its  original  purpose  was  the  optimal  distribution  of  the  imbibition,  the  benefit  to 
be  obtained  from  this  should  not  be  overemphasised:  actually,  an  even  distribution  of  the 
imbibition  is  always  effected  in  the  nip  of  the  two  front  rollers,  the  excess  liquid  from  the 
wet  portion  being  expressed  by  the  pressure  and  rapidly  absorbed  by  the  dry  portion.  For 
this  reason,  an  excellent  distribution  of  imbibition  on  the  carrier  is  not  really  valuable  except 
for  low  imbibition  rates,  for  which  the  automatic  correction  in  the  mill  is  insufficient.  We 
know  that  some  factories  in  South  Africa,  using  heavy  imbibition,  have  tried  to  Riviere  car- 
rier and  have  abandoned  it,  as  not  improving  their  extraction.  However,  we  are  in  favour 
of  the  system:  it  assures  good  use  of  imbibition,  assures  very  effective  feeding  and  is  not  ex- 
pensive either  in  initial  cost  or  in  upkeep. 
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The  high-speed  intermediate  carrier  can  be  adapted  very  well  for  use  with  an  underfeed 
roller  (cf.  p.  92).  The  latter  is  then  useful  only  in  the  case  of  an  overload,  but  the 
combination  proves  effective  if  the  two  systems  are  well  regulated  (conveyor  speed  and  ad- 
justment of  the  underfeed  roller). 

One-piece  intermediate  carriers.  The  intermediate  carrier  obstructs  access  to  the  mill,  and 
must  be  removed  every  time  rollers  have  to  be  removed  or  changed.  To  save  labour  and  loss 
of  time,  it  is  made  today  in  such  a  manner  that  it  can  be  raised  vertically  in  one  piece  by 
the  travelling  crane,  the  side  plates  forming  one  assembly  with  the  carrier  proper.  Hooks  fix- 
ed at  the  four  extremities  of  the  side  plates  allow  the  carrier  to  be  lifted  bodily  by  means  of 
two  slings.  This  is  an  improvement  leading  to  a  saving  of  valuable  time,  which  is  very 
necessary. 


DELIVERY  PLATE  AT  LAST  MILL 

The  relatively  dry  bagasse  from  the  last  mill,  which  does  not  receive  inhibition,  slides  more 
easily  than  wet  bagasse.  However,  even  on  a  smooth  surface  such  as  steel  polished  by  fric- 
tion, or  waxed  wood,  it  still  requires  a  slope  of  38  -  40°  to  slide  freely.  It  is  wise  to  allow 
40°  in  general,  and  not  to  go  lower  than  45°  on  an  inclined  plane  of  any  length,  to  avoid 
the  risk  that  bagasse  accidentally  wetter  than  normal  may  refuse  to  slide. 
These  values  are  obviously  valid  also  for  the  feed  chutes  to  boiler  furnaces. 


FEEDING  ARRANGEMENTS 

Mill  feed  by  gravity 

We  should  have  no  illusions  on  the  feeding  effect  due  to  the  pressure  generated  by  a  slat  con- 
veyor. This  action  is  very  feeble  and  it  is  sufficient,  to  demonstrate  this,  to  interpose  one's 
hand  in  the  layer  of  bagasse  carried  by  the  conveyor. 

Gravity  feed,  that  is,  the  feeding  effected  with  the  aid  of  a  simple  chute  (Figs.  8.4  and  8.6) 
in  the  mill  hopper  which  follows  a  rake  conveyor,  does  not  give  any  direct  "push";  the  com- 
ponent of  bagasse  weight  parallel  to  the  feed  plates  acts  to  a  great  extent  against  the  surface 
of  the  feed  roller  (Fig.  8.6).  This  feeding  force,  however,  is  not  lost;  on  account  of  the  fric- 
tion of  the  bagasse,  it  produces  a  corresponding  adhesion  of  the  bagasse  to  the  feed  roller, 
and  hence  a  feeding  force  which,  while  being  indirect,  is  no  less  effective. 

In  standard  rake  carriers  (Fig.  8.6)  this  effect  is  not  superior  to  the  pressure  given  by  slat 
conveyors  (Figs.  8.8  and  8.10),  but  it  is  possible  to  increase  it  substantially. 

We  shall  calculate  the  pressure  in  kg/dm2  (lb.  per  sq.ft.)  which  is  exerted  at  the  bottom 
of  the  feed  chute  on  a  section  perpendicular  to  the  plane  of  the  feed  plate.  It  has  a  value  (Fig. 
8.15). 

P  (sin  p  -  0cos  ft)  ,o  f-\ 
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P  -  weight  of  bagasse,  in  kg  (lb.) 

<j>   =  coefficient  of  friction  of  the  bagasse  on  the  feed  plate 
S   =  area  of  the  section  considered,  in  dm2  (sq.ft.) 
(3   =  angle  of  inclination  of  the  feed  plate. 
We  have: 

L   =  width  of  rollers,  in  dm  (ft.) 

E  -  thickness  of  the  bagasse  layer,  in  dm  (ft.) 

Z  =  length  of  the  feed  plate,  in  dm  (ft.) 

d  -  apparent  density  of  the  bagasse,  in  kg/dm3  (lb./cu.ft.): 

d  is  of  the  order  of  0.40  (25)  for  the  first  mill  (without  compaction),  but  can  vary  from 
0.30  to  0.60  (20  to  40)  (0.60  with  compaction4),  and  may  be  taken  in  the  other  mills  as  ap- 
proximately equal  to: 

d=  aiofj-Lj  +  x)        ((/_6(_I_  +  x))  (8.8) 

h    =  moisture  per  unit  of  bagasse 

\    =  imbibition  per  unit  of  fibre  (cf.  p.  90). 

Hence  d  =  say  approximately  0.30  —  0.40  (20  —  25),  according  to  the  quantity  of  imbibi- 
tion. 

The  coefficient  of  friction  0  depends  on  the  bagasse  and  on  the  degree  of  polish  of  the 


Fig.  8.15.  Gravity  feed. 


Fig.  8.16.  Donnelly  chute. 
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feed  plate.  We  may  take  in  general  4>  =  0.25-0.30  (the  values  given  on  p.  99  apply  to 
grooved  rollers  and  not  to  smooth  plates). 

To  be  more  precise,  the  bagasse  density  increases  with  increasing  vertical  height  of  the  ac- 
cumulated bagasse.  We  shall  be  content  here  with  the  mean  values  given  above. 

We  have  then: 

F=  Zd(sin(3  -  <t>cosO)  (8.9) 

Giving  d  and  0  the  mean  values,  we  obtain  Table  8.1. 

We  see  from  this  table  the  great  value  of  long  chutes  and  steep  angles,  where  these  are  prac- 
ticable. At  Monymusk5  the  feed  plate  of  the  first  mill  is  6.5  m  (21  ft.)  long  with  a  slope  of 
53°.  At  Pioneer  (Australia)  the  first  mill  has  a  3-m  (10-ft.)  chute  at  65°,  the  fourth  mill  a 
chute  of 4.25  m  (14  ft.)  at  60°,  the  third  mill  3.35  m  (11  ft.)  at  90°  (vertical).  Donnelly  chutes 
are  now  generally  3  -  4  m  (10-16  ft.),  and  vertical. 

TABLE  8.1 

VALUE  IN  kg/ dm2  OF  THE  COMPONENT  OF  GRAVITY  FEED  AS  A  FUNCTION  OF  THE  LENGTH  ZAND  THE  INCLINATION  0  OF 

THE  FEED  PLATE  {d  =  0.4  kg/dm3;  0  =  0.30) 


Z(m) 

&  =  50° 

0  =  60° 

0  =  10° 

(3  =  80° 

0  =  90° 

1 

2.1 

2.6 

3.1 

3.4 

3.7 

2 

4.2 

5.2 

6.2 

6.8 

7.4 

3 

6.3 

7.8 

9.2 

10.2 

10.8 

4 

8.4 

10.4 

12.0 

13.6 

14.6 

5 

10.5 

13.0 

15.3 

16.8 

18.3 

Feed  hopper.  With  a  feed  plate  slope  greater  than  55°,  it  becomes  essential  to  add  a  front 
plate  CD  as  the  bagasse  tumbles  forward  above  this  value  (Fig.  8.16). 

With  gravity  feed  chutes,  a  feed  hopper  ABCD  will  therefore  be  adopted,  the  bottom  plate 
AB  of  which  will  meet  the  feed  roller  at  a  point  B  situated  30°  before  the  vertical  axial  plane; 
the  plane  of  the  front  plate  CD  will  meet  the  top  roller  at  a  point  E  situated  on  the  horizontal 
axial  plane  of  that  roller.  The  thickness  E  of  the  hopper  will  vary  slightly  then  with  normal 
values  of  the  angle  /3  (55  -  90°).  It  should  be  of  the  order  of  0.40  -  0.75  of  the  roller  diameter, 
according  to  their  peripheral  speed  v:  0.40  for  v  =  14  m/min  (46  ft./min),  0.75  for  v  =  10 
m/min  (33  ft./min)  (Donnelly6). 

Van  Hengel7  considers  that  these  values  are  too  high  and  suggests  reducing  them  to:  E  - 
(11  or  12)  eA  for  a  first  or  second  mill  and  8  eA  for  a  final  mill,  where  eA  is  the  delivery 
opening  of  the  mill  while  operating.  However,  in  his  calculation  he  does  not  take  into  account 
either  the  slip  or  the  coefficient  of  drag  of  a  column  of  bagasse  on  the  surface  of  the  roller. 
Now  even  if  there  is  no  slip,  the  roller  does  not  pick  up  the  bagasse  at  its  surface  speed  v 
(or  v  cos  a  if  the  bagasse  column  comes  into  contact  with  the  roller  surface  at  an  angle  a 
ahead  of  the  vertical  diameter)  except  for  the  surface  layer  in  contact  with  it.  The  speed  of 
movement  v  '  of  the  bagasse  layer  as  a  whole  can  be  only  a  fraction  of  vt  often:  v  '  =0.6 
v  cos  a  (being  moved  by  one  surface  only)  or  0.8  v  cos  a  when  gripped  between  the  top  roller 
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and  the  feed  roller.  Thus  we  would  recommend,  while  following  Van  Hengel's  reasoning,  the 
adoption  of  the  following: 


Mill  Value  of  the  thickness  E  of  the  feed  hopper 

(or  space  between  top  roller  and  feeding 
roller) 


Hopper  without  With 
feed  roller  feed  roller 


1st  or  2nd  mill  16  eA  14  eA 

Final  mill  12  eA  10  eA 


provided  that  these  values  do  not  exceed  those  proposed  by  Donnelly. 

Munro8  cites  the  case  of  Isis  Factory  in  Australia  which  had  obtained  an  excellent  result 
by  adopting  a  chute  at  80°  slope,  the  cross-section  of  which,  where  it  met  the  rollers,  was 
5  dm2  per  unit  (kg/m2)  (2.6  sq.ft.  per  Ib./sq.ft.)  of  fibre  loading. 

To  obtain  the  desired  value  of  E,  the  position  of  point  B  will  be  adjusted,  as  this  may  vary 
slightly  from  that  indicated. 

If  0  is  less  than  60°,  we  may  take  for  B  the  point  situated  at  (90°  -  /3)  ahead  of  the  vertical 
axial  plane  of  the  feed  roller. 

The  total  pressure  of  the  bagasse  on  the  feed  roller  is  equal  to  the  product  of  the  pressure 
Fand  the  appropriate  area;  the  latter  is  the  area  of  roller  surface  in  contact  with  the  bagasse, 
projected  on  a  plane  perpendicular  to  AB. 

We  consider  that  the  best  angle  0  would  be  in  the  neighbourhood  of  80°.  An  angle  of  90° 
would  obviously  be  the  ideal,  if  it  could  be  arranged  without  difficulty  from  the  point  of  view 
of  supporting  the  feed  chute. 

Since  D  represents  the  lower  edge  of  the  front  plate  of  the  feed  hopper,  the  distance  DE 
can  without  disadvantage  be  0.3  m  (1  ft.).  This  allows  an  observer  to  see  the  bagasse  and 
to  gauge  the  compactness  of  the  mass  at  the  bottom  of  the  feed  chute. 

The  feed  hopper  should  widen  out  slightly  towards  the  bottom,  that  is,  the  front  plate  CD 
should  have  a  slope  (8 '  about  1°  less  than  the  slope  0  of  the  plate  AB.  This  avoids  any 
resistance  and  tendency  to  arching;  it  renders  negligible  the  friction  on  the  front  plate,  and 
permits  the  component  of  the  feeding  force  to  reach  its  maximum  value. 

The  coefficient  of  friction  0 '  of  bagasse  on  the  feed  roller  is  greater  than  4>,  since  the  sur- 
face of  the  roller  is  designed  to  give  the  best  grip  possible,  with  its  grooving  and  with  a 
suitable  grain  of  the  metal.  We  may  take  in  general,  for  grooved  rollers,  c/> '  =  0.30  (polished 
metal)  to  0.40  (rough  surface). 

High  tonnages  and  feeding  roller.  The  foregoing  arrangements  (Fig.  8.16)  sometimes  prove 
insufficient  in  tandems  working  at  maximum  capacity;  the  feed  hopper  becomes  too  narrow. 
We  indicate  in  Fig.  8.17  another  arrangement  corresponding  to  the  maximum  width  permissi- 
ble for  the  feed  hopper.  It  consists  of  locating  the  plates  of  the  hopper  to  meet  the  top  roller 
at  a  point  E  and  the  feeding  roller  at  a  point  F,  given  by  the  figure. 
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Fig.  8.17.  Location  of  feeding  roller  with  Donnelly  chute. 

We  shall  consider  the  case  of  the  feeding  roller,  since  it  is  very  useful  at  such  maximum 
tonnages.  The  bottom  plate  AF  may  be  arranged  as  already  indicated,  and  the  feeding  roller 
then  set  so  as  to  give  the  angle  a '  such  that 

a'  =  135°  -  03  +  e) 

(S  =  slope  of  the  plate  AF  (8.10) 
/    =  angle  OojZ=  angle  of  Owwith  the  horizontal. 

The  upper  plate  CE  will  meet  the  roller  at  E,  a  point  chosen  such  that  the  angle  a  =  wO£ 
is  defined  by: 


cos  a  = 


(8.11) 


a   =  space  between  feeding  roller  and  top  roller 
D  =  roller  diameter. 

Conclusion.  When  the  space  between  mills  permits,  and  when  it  is  possible  to  install  a  feed 
plate  at  least  2  m  (6  ft.)  in  length,  gravity  can  provide  a  very  positive  and  effective  feeding 
force,  superior  to  that  obtained  with  most  of  the  standard  feeding  devices  such  as  pushers 
or  feeding  rollers. 

It  is  particularly  indicated  for  a  first  mill,  where  it  is  easier  to  install  a  high  chute.  The  chute 
should  then  not  be  interrupted  by  a  magnetic  separator,  which  in  this  case  should  be  located 
elsewhere. 

With  the  later  mills,  it  is  all  the  more  attractive  with  high  imbibition.  The  feeding  compo- 
nent is  proportional  to  the  density  d,  which  increases  with  imbibition  (cf.  eqn.  (8.8)).  With 
an  imbibition  of  X  =  2,  it  is  already  more  than  double  the  density  of  bagasse  without  imbibi- 
tion. 
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Establishment  of  eqn.  (8.8).  The  apparent  density  of  bagasse  at  45%  moisture,  in  a  layer 
of  0.3  m  (1  ft.)  or  thereabouts,  is  of  the  order  of  0.180  kg/dm3  (11  lb./cu.ft.).  Now  1  dm3 
(1  cu.ft.)  of  this  bagasse  contains: 

180  x  0.45  =  80  g  of  water  (1 1  x  0.45  =  5  lb.  of  water) 

and  slightly  less  than: 

180  -  80  =  100  g  of  fibre  (11  -  5  =  6  lb.  of  fibre) 

As  the  volume  of  bagasse  varies  but  little  with  its  moisture  (in  fact,  under  a  thick  layer, 
its  volume  decreases  slightly  when  its  moisture  increases,  on  account  of  the  compaction  of 
the  lower  layers  under  the  increasing  weight  of  the  upper  layers),  we  shall  assume  that  the 
weight  per  dm3  (cu.ft.)  is  represented  by  100  g  (6  lb.)  of  fibre,  to  which  is  added  the  weight 
of  contained  water. 

Consequently,  if  we  designate  by: 
h    =  moisture  of  the  bagasse,  in  weight  of  water  per  unit  weight  of  wet  bagasse,  before  im- 
bibition, 

W  =  weight  of  water  per  unit  weight  of  dry  fibre  in  the  bagasse  after  imbibition, 
h  '  =  moisture  of  the  bagasse  after  imbibition, 

X    =  ratio  of  weight  of  imbibition  water  (or  juice)  to  weight  of  fibre  (cf.  p.  285). 
/    =  weight  of  fibre  per  unit  of  cane  =  fibre  in  cane, 

F  =  weight  of  fibre  per  unit  bagasse  =  fibre  content  of  bagasse  before  imbibition, 
B  =  weight  of  bagasse  per  unit  of  cane,  before  imbibition: 
Neglecting  materials  in  solution  in  the  juice,  we  have: 

w--h' 


-  h  1 

Considering  for  the  moment  the  weight  relative  to  unit  of  cane,  the  weight  of  imbibition 
water  will  be  \f  and  the  weight  of  water  in  the  bagasse,  after  imbibition: 

ah  +  v  ='fif-  +  +  x) 

After  imbibition,  the  moisture  of  the  bagasse  becomes: 


W  = 


fi  *-  +  x) 

U  -h       I        h  +  X  (l  -  h) 

X(l  -  h) 


'♦'(tV»)  '  + 


The  apparent  density  of  the  bagasse,  after  imbibition,  is  then: 
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d  =  0.10  (1  +  W)=  0.10 1 1  +  r^v^l  = 


\       l  -  'n  ■  ! 


+ 


d  =  6(1  +  IT)  =  6      +  j-^t  )  = 


(8.8) 


"Dirty"  top  roller 

It  is  current  practice  in  Queensland  to  allow  the  grooves  of  the  top  roller  to  fill  with  bagasse. 
For  this  it  is  necessary  to  use  a  smooth  scraper  plate,  instead  of  one  meshing  with  the  grooves, 
and  to  set  this  plate  so  that  it  has  a  clearance  of  approximately  6.5  mm  (j  in.)  from  the  top 
of  the  roller  teeth. 

Generally  this  in  itself  is  not  sufficient.  It  is  necessary  that  the  top  roller  should  have 
grooves  with  an  angle  of  32-35°,  and  that  the  metal  surface  should  be  sufficiently  rough. 
This  latter  condition  is  obtained  in  Queensland  by  spotting  the  top  and  sides  of  the  teeth  by 
means  of  a  carbon  electrode,  an  operation  described  as  "arcing"  or  "spotting".  The  elec- 
trode generally  used  is  "Azucar  80". 

The  dirty  top  roller,  as  it  is  called,  grips  the  bagasse  better.  Moreover,  the  Australians 
(Donnelly9)  consider  that  the  bagasse  in  the  grooves  prevents  the  flowback  of  juice  at  the  bot- 
tom of  the  top  roller  grooves,  to  form  a  pool  of  juice  in  front  of  the  top  roller.  Observation 
shows  in  any  case  that  operation  with  the  dirty  top  roller  arrests  this  undesirable 
phenomenon.  If  a  groove  refuses  to  fill  with  bagasse,  it  permits  a  jet  of  juice  to  issue  on  the 
entry  side  of  the  mill,  an  effect  which  again  supports  clearly  the  Australian  thesis.  They  con- 
sider equally  that  the  packed  bagasse  also  prevents  the  passage  of  juice  on  the  delivery  side, 
a  phenomenon  much  more  difficult  to  observe,  but  much  more  serious  since  the  juice  is  thus 
reabsorbed  by  the  bagasse  leaving  the  mill.  Donnelly  has  obtained  at  Pioneer,  with  a  dirty 
roller,  moistures  of  the  order  of  42%  at  the  last  mill,  sometimes  as  low  as  39%,  and  this 
strongly  supports  his  point  of  view. 

The  first  claim  above  is  definite;  the  second  seems  to  us  entirely  probable.  It  is  supported 
by  the  fact  that  the  upper  layer  of  bagasse  leaving  the  mill  always  has  a  moisture  higher  than 
the  average  moisture  of  the  whole  bagasse,  as  has  been  often  verified. 

When  operating  with  a  dirty  top  roller,  it  is  necessary  for  calculating  the  setting  to  take 
into  account  the  volume  occupied  by  the  bagasse  within  the  grooves,  and  in  consequence  to 
consider  the  top  roller  as  equivalent  to  a  smooth  roller  of  the  diameter  at  the  top  of  the 
ridges. 

However,  if  devices  are  in  use  for  measuring  or  registering  the  lift  of  the  top  roller,  this 
approximation  is  much  too  rough  to  give  a  valid  correction  of  the  values  indicated  or 
registered:  the  dirty  top  roller  does  not  permit  of  an  accurate  estimate  of  the  thickness  of 
the  bagasse  filling  its  grooves,  since  this  is  too  uncertain  and  too  variable. 

Effect  of  imbibition  on  mill  feeding 

Bagasse  saturated  with  imbibition  is  less  easily  gripped  by  the  mills  than  is  dry  bagasse.  Hence 
it  is  a  common  tendency  of  the  men  operating  the  mills  to  reduce  the  imbibition  when  dif- 
ficulties are  experienced  with  feeding  or  with  mill  chokes;  the  control  of  imbibition  should 
not  be  left  in  their  hands,  since  this  expedient  is  generally  disastrous  from  the  financial  point 
of  view,  and  they  should  not  resort  to  it  but  seek  out  the  cause  of  the  feeding  trouble. 
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On  the  other  hand,  bagasse  saturated  with  hot  water  is  more  difficult  to  feed  than  that 
saturated  with  cold  water.  If  both  types  of  water  are  available,  certain  feeding  troubles  may 
be  overcome,  particularly  at  the  last  mill,  by  changing  from  hot  to  cold  water,  without 
diminishing  the  quantity  of  imbibition. 

Mechanical  feeding  devices 

Chokes  are  the  nightmare  of  engineers  in  charge  of  mills.  When  a  mill  is  working  near  its 
maximum  capacity,  a  small  fault  is  often  sufficient  to  provoke  troubles:  hydraulic  plunger 
sluggish,  or  sticking;  trashplate  too  high,  trashplate  too  low;  toe  of  trashplate  worn,  the  teeth 
a  bad  fit  in  the  grooves  of  the  front  roller;  insufficient  space  for  the  passage  of  juice  behind 
the  heel  of  the  trashplate;  poor  settings  of  feed  and  delivery  openings  of  the  mill;  wear  of 
one  roller,  or  of  the  three  rollers;  major  variations  of  fibre  in  cane,  etc.,  etc.  The  multiplicity 
of  possible  causes  complicates  the  task  of  locating  the  exact  cause  of  the  trouble,  and 
sometimes  several  weeks  may  pass  before  the  trouble  can  be  effectively  remedied. 

On  the  other  hand,  without  being  able  to  blame  any  item  of  plant,  it  is  sometimes  impossi- 
ble to  apply  the  desired  imbibition  in  a  mill  working  at  high  capacity.  Consequently, 
engineers  are  turning  more  and  more  to  forced  feeding.  The  latter  consists  of  using  a  special 
apparatus  to  force  the  bagasse  to  enter  the  mill.  Such  equipment  is  generally  of  rotary  type, 
and  termed  feeding  roller. 

Rotary  feeders 

(a)  Roller  on  the  bagasse.  This  is  the  device  most  widely  used  with  intermediate  carriers 
of  slat  type;  it  is  located  above  the  feed  plate  and  driven  from  the  top  roller  of  the  mill, 
sometimes  through  an  intermediate  shaft  near  the  head  of  the  carrier  (Fig.  8.18).  The  best 
system  is  one  where  its  shaft  and  the  two  radius  rods  which  connect  it  to  the  driving  shaft 
form  a  rigid  framework  which  can  oscillate  about  the  centre  line  of  the  drive  shaft,  which 
is  placed  sufficiently  high  for  the  roller  to  be  easily  lifted  by  an  increase  in  the  thickness  of 
the  bagasse  layer.  In  this  way  it  rests  on  the  bagasse,  which  it  compresses  slightly  while  lifting 
if  the  bagasse  layer  becomes  thicker.  The  surface  of  the  feeding  roller  is  grooved  longitudinal- 
ly, or  fitted  with  small  angle-pieces.  Its  external  diameter  is  generally  smaller  than  that  of 
the  mill  rollers  and  equal  to  two-thirds,  three-quarters  or  four-fifths  of  the  latter.  The 
sprockets  driving  it  should  be  calculated  so  that  its  peripheral  speed  v'  is  greater  than  that 
of  the  mill  rollers,  v: 

v'  =  1.1  -  1.7  v  (8.12) 

In  the  case  of  an  apron  carrier,  this  speed  v  '  should  be  equal  to  that  of  the  carrier  (cf. 
eqn.  (8.4)).  The  feed  roller  above  the  bagasse,  though  popular  for  some  time,  is  now  general- 
ly abandoned  in  favour  of  the  following: 

(b)  Under-feed  roller.  Here  the  feeding  rollers  are  located  below  the  bagasse  layer  (Fig.  8.19). 
These  are  given  a  diameter  approximately  one-third  to  two-thirds  that  of  the  mill  rollers.  It 
is  of  advantage  to  make  the  diameter  of  this  magnitude,  as  the  surface  of  contact  and  the 
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Oscillating  frame 


Fig.  8.18.  Feeding  roller  above  the  bagasse. 


Fig.  8.19.  Feeding  roller  below  the  bagasse. 


grip  of  the  roller,  and  hence  the  compaction  effect  on  the  bagasse,  are  improved  accordingly. 
This  effect  can  be  improved  by  providing  the  roller  with  grooving,  for  example  of  10-13 
mm  (§-  j  in.)  pitch. 

It  is  sometimes  provided  with  a  small  trashplate  connecting  it  to  the  feed  roller;  however, 
this  is  sometimes  not  easily  adjusted,  and  may  be  omitted,  thus  permitting  the  roller  to  be 
set  closer  to  the  feed  roller  of  the  mill.  The  feeding  roller  will  be  arranged  for  a  peripheral 
speed  v '  slightly  higher  than  that  of  the  mill  rollers,  v: 


The  setting  c  should  be  as  small  as  possible  as  long  as  the  bagasse  does  not  overflow  above 
the  top  roller.  With  good  mill  settings,  this  condition  is  obtained  when  c  =  about  6  times 
the  delivery  opening  eA  of  the  mill  while  operating10  {cf.  p.  139).  If  this  delivery  operating, 
for  example,  is  25  mm  (1  in.),  the  clearance  between  mean  diameters  of  the  feeding  roller 
and  the  top  roller  would  be  approximately  15  cm  (6  in.). 

Van  Hengel11  gives  c  =  7  eA  for  a  first  mill,  dropping  to  c  =  5  eA  for  a  last  mill. 

To  permit  of  adjustment,  the  manufacturer  designs  the  equipment  to  permit  of  a  horizon- 
tal displacement  of  the  roller  of  about  12.5-15  cm  (5-6  in.)  (C  -C  '). 

The  clearance  allowed  between  the  feeding  roller  and  the  feed  roller  of  the  mill  is  generally 
5  mm  (j  in.).  It  should  be  as  small  as  possible.  The  firm  of  Cail  insist  that  the  centre  line 
of  the  feeding  roller  should  be  as  low  as  possible  relative  to  that  of  the  top  roller  of  the  mill, 
and  state  that  feeding  would  become  defective  if  it  were  above  that  of  the  mill  roller. 

A  properly  set  under-feed  roller  often  permits  of  a  reduction  in  ratio  of  setting  of  front 
and  back  rollers.  This  ratio  for  example  may  be  reduced  from  2  to  1.8.  Other  things  being 
equal,  such  reduction  always  means  an  improvement  in  extraction. 

Power.  The  feeding  roller  requires  2.5-7.5  kW  (3-9  h.p.),  generally  5  kW  (6  h.p.). 

Gain  in  capacity.  The  system  improves  the  capacity  of  the  mill  by  10-20%.  Any  mill 
working  at  high  capacity  or  near  its  limit  should  be  fitted  with  an  under-feed  roller,  which 
is  more  effective  than  the  roller  above  the  bagasse. 


v  '  =  1.08  -  1.10  v 


(8.13) 
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Continuous  pressure  feeder 

This  device,  developed  in  Australia  by  the  Colonial  Sugar  Refining  Company,  is  widely  used 
in  Australia  and  South  Africa.  It  was  developed  as  a  means  of  overcoming  the  feeding  dif- 
ficulties experienced  with  fine  bagasse  and  hot  maceration.  It  consists  (Fig.  8.20)  of  a  pair 


Fig.  8.20.  Pressure  feeder. 

of  rollers  ahead  of  the  mill,  with  an  enclosed  chute,  diverging  slightly,  which  gives  the 
bagasse  a  positive  movement  from  these  rollers  to  the  feed  opening  of  the  mill.  The  pressure 
feeder  is  driven  by  the  mill  engine,  generally  by  means  of  an  additional  spur  wheel  and  tail 
bar.  The  feeder  rolls  extract  a  high  proportion  of  thin  juice,  thus  reducing  the  excess  moisture 
in  the  sloppy  feed,  and  presenting  the  mill  rollers  with  a  comparatively  dry  feed  supplied 
under  pressure.  The  action  of  the  feeder  is  continuous  and  uniform,  unlike  the  intermittent 
action  of  pushers.  It  is  much  more  forceful  than  the  slight  compression  exerted  by  ordinary 
feeding  rollers.  Thus  it  gives  a  definite  improvement  in  crushing  rate  or  in  lower  moisture 
content  of  bagasse,  or  both.  Hollywood12  reports  an  increase  in  crushing  rate  from  77.1  to 
81.1  t.c.h.  (about  5%)  with  a  decrease  in  final  bagasse  moisture  from  49.6  to  46.0%,  where 
pushers  were  replaced  by  a  pressure  feeder  on  the  final  mill.  It  is  considered  in  Australia  that 
the  pressure  feeder  is  the  only  device  enabling  high  capacity  to  be  maintained  with  heavy  im- 
bibition. 

Pressure  feeders  are  generally  installed  at  the  last  mill,  sometimes  on  intermediate  mills  and 
even  on  the  first  mill.  One  installation  in  Australia13  has  given  a  first  bagasse  moisture  below 

52%. 

1.  Diameter.  The  roller  diameter  varies  from  60  to  100%  of  the  diameter  of  the  mill 
rollers,  being  generally  about  80%  of  that  figure. 

2.  Surface.  The  surface  of  these  rollers  may  be  smooth,  but  preferably  grooved;  it  may 
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be  provided  with  chevrons.  Both  upper  and  lower  rollers  are  furnished  with  Messchaert 
grooves  (cf.  p.  107). 

3.  Arrangement.  The  axial  plane  of  the  two  rollers  is  generally  at  45°  to  the  horizontal. 
The  centre  line  of  the  enclosed  feed  chute  between  pressure  feeder  rollers  and  mill  is  as  closely 
as  possible  normal  to  the  axial  plane  of  these  rollers  and  to  that  of.  the  upper  and  feed  rollers 
of  the  mill. 

This  chute  is  lined  on  the  inside  with  a  sheet  of  stainless  steel,  in  order  to  reduce  the  friction 
of  the  bagasse  and  to  facilitate  its  movement,  while  reducing  power  requirements  and  wear. 
The  pressure  developed  in  this  chute  is  of  the  order  of  0.07-0.10  kg/cm2  (1  -  lj  lb. /sq.  in.) 
but  may  sometimes  attain  1.0  kg/cm2  (15  lb./sq.in.).  The  entry  end  of  the  chute  should  be 
located  on  a  generatrix  of  the  rollers  at  15-20°  from  their  axial  plane. 

The  upper  and  lower  plates  should  diverge  by  at  least  3.5°,  or  essentially  7%  u,  Murry  and 
Shann14a  recommend  1  :  16  or  6.25%. 


Fig.  8.21.  Pressure  feeder  (Fletcher  and  Stewart). 
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The  chute  should  meet  the  top  and  delivery  rollers  on  a  generatrix,  making  an  angle  not 
greater  than  40°  with  their  axial  plane. 

The  compaction  coefficient  at  the  discharge  end  of  the  chute,  i.e.  at  the  entry  to  the  mill, 
should  be  at  least  80-95  or  preferably  130-  145  kg  fibre/m3  (5-6  or  8-9  lb./cu.ft.).  It 
has  almost  the  same  value  at  the  entry  to  the  chute.  We  may  take  for  example: 


Coefficient 

of  compaction 

Entry 

Discharge 

Entry 

Discharge 

1st 

mill 

104  kg/m3 

96  kg/m3 

6.5  lb./cu.ft. 

6.0  lb./cu.ft. 

2nd  mill 

112  kg/m3 

104  kg/m3 

7.0  lb./cu.ft. 

6.5  lb./cu.ft. 

3rd 

mill 

120  kg/m3 

112  kg/m3 

7.5  lb./cu.ft. 

7.0  lb./cu.ft. 

4th 

mill 

128  kg/m3 

120  kg/m3 

8.0  lb./cu.ft. 

7.5  lb./cu.ft. 

5th 

mill 

136  kg/m3 

128  kg/m3 

8.5  lb./cu.ft. 

8.0  lb./cu.ft. 

It  is  recommended143  that  coarse  grooving  should  be  used  on  both  rollers,  for  example, 
50-mm  (2-in.)  pitch  and  with  an  angle  of  34-35°. 

4.  Speed.  The  speed  of  the  rollers  must  bear  a  fixed  ratio  to  that  of  the  mill  rollers.  This 
is  easily  arranged,  since  they  are  driven  by  a  train  of  gears  from  the  same  prime  mover  as 
the  mill. 

Normally,  these  rollers  are  given  a  peripheral  speed  of  1.5  times  that  of  the  mill  rollers. 
In  Australia15  this  ratio  varies  from  1.3  to  1.7. 

5.  Setting.  Donnelly6  recommends  that  the  opening  between  pressure  feeder  rollers  should 
be  set  so  as  to  give  a  generated  volume  (generally  known  as  "escribed  volume")  of  1.5  times 
that  of  the  feed  and  top  rollers  of  the  mill.  If  the  mill  has  a  ratio  of  settings  (when  operating) 
of  2,  this  will  then  give  an  overall  ratio  of  3  between  the  pressure  feeder  and  the  delivery 
opening  of  the  mill  (we  may  comment  that,  if  the  roller  speed  is  1.5  times  that  of  the  mill, 
the  pressure  feeder  opening  will  be  equal  to  the  feed  opening  of  the  mill).  With  this  setting, 
Donnelly  has  recorded  bagasse  moistures  of  41.4%  as  an  average,  sometimes  as  low  as 
39.8%. 

The  moisture  of  the  bagasse  in  the  pressure  chute  should  be  3  per  unit  of  fibre,  according 
to  Crawford16,  who  recommends  a  pressure  feeder  setting  such  that  the  volume  escribed  by 
the  rollers  will  be  given  by: 

V=3.8Af  (V  =  136/4/)  (8.14) 

V  =  escribed  volume  of  the  pressure  feeder  rollers,  in  mVh  (cu.ft./h) 
4  =  weight  of  cane  treated,  in  t.c.h. 
r   =  fibre  content  per  unit  of  cane. 

The  object  (or  result)  of  the  pressure  feed  rollers  is  thus  to  increase  the  compaction  coeffi- 
cient (cf.  eqn.  (10.20))  from  the  80-95  kg/m3  (5-6  lb./cu.ft.)  of  a  Donnelly  chute  to  a 
higher  figure  in  the  pressure  feed  chute,  increasing  progressively  from  about  95  (6)  for  a  first 
mill  to  120,  130,  145  and  even  160  (7.5,  8,  9,  10)  for  a  final  mill.22 
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This  corresponds  to  a  weight  of  fibre  per  unit  escribed  volume  ("fibre  index")  of  265 
kg/m3  (16.5  lb./cu.ft.)  for  the  pressure  feeder,  with  approximately  450  (28)  at  the  feed  open- 
ing of  the  mill,  and  880  (55)  for  the  delivery  opening. 

In  any  case,  the  ratios  of  escribed  volume  of  1 .5  and  3  as  recommended  by  Donnelly  should 
not  exceed  maximum  values  of  2  and  4  respectively,  or  there  will  be  a  risk  of  breakage  of 
the  pressure  chute.  The  present  trend  is  even  to  reduce  these  two  ratios  to  1.3-1.4  and 
1.7- 1.  Respectively. 

6.  Power  consumption.  Pressure  feeders  demand  a  fairly  high  power,  which  Scriven17 
estimates  at  35-45  kW  (40-60  h.p.)  for  a  mill  of  1  x  2  m  (36  x  72  in.). 

7.  Relative  power  consumption  by  pressure  feeders  and  mill.  Tests  at  Sezela23  in  South 
Africa  give  the  following  results: 

Torque  consumed  by  feeding  rollers: 

5  of  total  torque  (rollers  plus  mill)  in  first  mill 
T2  of  total  torque  (rollers  plus  mill)  in  fifth  mill 

The  power  developed  was: 

105  kW  (140     h.p.)  for  feed  rollers  and  516  kW  (690  h.p.)  for  the  first  mill 
25  kW  (  33.5  h.p.)  for  feed  rollers  and  291  kW  (390  h.p.)  for  the  fifth  mill 

8.  Application.  Pressure  feeders  are  expensive  and  are  often  difficult  to  fit  into  the 
tandem,  but  they  give  an  improvement  in  capacity  and  extraction,  particularly  where  it  is 
desired  to  use  high  imbibition  at  high  temperatures.  It  should  be  mentioned,  however,  that 
in  South  Africa18  their  results  have  sometimes  been  disappointing.  On  the  other  hand,  the 
popularity  of  this  method  of  feeding  in  Australia  is  such  that  there  is  practically  no  mill  in 
that  country  without  pressure  feeders.  Such  a  result  can  only  speak  strongly  in  its  favour. 
The  mean  extraction  of  Australian  mill  tandems  is  slightly  inferior  to  that  of  South  African 
tandems,  but  it  is  obtained  with  an  appreciably  smaller  number  of  mills  per  tandem  (4-6 
as  against  6-7). 

Following  Walkers  and  Fletcher24,  Smith  and  Mirrlees  have  fabricated  in  cooperation  with 
Huletts  some  6-rolier  mills  designed  to  reduce  the  moisture  of  diffusion  megasse  from  85% 
to  48%  (performance  guaranteed). 

9.  Imbibition.  The  pol  percent  of  the  juice  from  the  pressure  feed  rollers  is  appreciably 
lower  than  the  pol  of  residual  juice  in  the  bagasse  from  the  preceding  mill.  Under  these  condi- 
tions, it  is  of  interest  to  use  the  pressure  feeder  juice  as  imbibition  of  the  bagasse  from  the 
preceding  mill  (Fig.  8.22),  and  to  use  the  imbibition  normally  used  at  that  point,  at  a  point 
further  back  in  the  train.26 
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Numerical  values  are  ex-tractable  juice  %  fibre 
P,V.  =  proportioning  valves 

Fig.  8.22.  Pressure  feeder.  Imbibition  circuit. 


BAGASSE  CONVEYORS 


The  bagasse  leaving  the  last  mill  should  be  elevated  for  distribution  to  the  boiler  furnaces. 
It  is  picked  up  by  a  bagasse  elevator,  which  drops  it  onto  a  horizontal  conveyor;  this 
distributes  it  along  the  length  of  the  boiler  station  to  the  furnaces  (Fig.  8.23).  If  the  last  mill 
and  the  bagasse  loft  are  nearly  in  a  straight  line,  the  same  conveyor  can  serve  at  the  same 
time  as  elevator  and  conveyor  (Fig.  8.24).  These  conveyors  are  generally  of  the  scraper  type. 
When  they  are  not  also  acting  as  distributors,  they  can  well  be  of  belt  type. 

For  apparent  density  of  the  bagasse  transported  one  can  take  160  kg/m  (10  lb./cu.ft.). 


Fig.  8.23.  Bagasse  elevator. 
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Fig.  8.24.  Single  conveyor  for  elevating  and  distributing  bagasse. 


In  South  Africa25  a  speed  of  30-36  m/min  (100-120  ft./min)  is  recommended  for 
scraper  conveyors  and  90  m/min  (295  ft./min)  for  belt  conveyors,  but  this  can  reach  140 
m/min  (460  ft./min). 

Belt  conveyors  can  operate  at  25°  slope,  22j°  being  recommended.  For  scraper  conveyors, 
50°  is  appropriate. 

Width.  For  transport  on  rubber  conveyors,  the  following  values  are  recommended: 

25-  50  t/h  of  bagasse:  6  t/h  per  100  mm  width  (18  t/h  per  ft.) 
50-100  t/h  of  bagasse:  7  t/h  per  100  mm  width  (21  t/h  per  ft.) 
100  t/h  of  bagasse:  8  t/h  per  100  mm  width  (24  t/h  per  ft.) 

For  scraper  conveyors: 

6.5  t/h  per  100  mm  (20  t/h  per  ft.) 

For  scraper  conveyors,  the  cost  is  higher  than  that  for  belt  conveyors  by  a  ratio  of  1.5  or  2.0. 

Power.  For  a  factory  of  average  size,  an  average  figure  may  be  taken  of  1  kW  for  every 
5  m  total  length  of  bagasse  conveyor  (i.e.  about  twice  the  actual  length  of  the  carrier  =  upper 
run  +  lower  run)  (1  h.p.  for  every  20  ft.). 


COEFFICIENT  OF  FRICTION  FOR  CANE  AND  BAGASSE 

Tests  carried  out  in  Queensland  to  determine  this  coefficient  have  given19: 


Cast  iron 
Steel 


Polished  metal       Unpolished  metal 
0.40  0.44-0.50 
0.38  0.40-0.50 
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This  coefficient20  depends  mainly  on  the  grooving.  The  influence  of  moisture  is  less  than 
would  be  supposed.  The  grooving,  however,  is  more  effective  with  lower  moistures  and  with 
higher  pressures. 

Fineness  of  preparation  has  a  slight  favourable  influence. 

The  coefficient  of  friction  increases  at  first  with  pressure,  passes  through  a  maximum  for 
a  rather  low  pressure,  then  decreases  in  proportion  as  the  pressure  increases. 
It  decreases  uniformly  with  speed,  and  Australian  tests  have  led  to  the  suggested  formula: 


4>  =  0.43  -  0.007  v  (</>  =  0.43  -  0.002  v)  (8.15) 


cj>  =  coefficient  of  friction  of  the  cane  or  bagasse  on  the  metal 
v   =  peripheral  speed  of  the  roller,  in  m/min  (ft./min). 
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9.  Roller  Grooving 


OBJECT 

Originally,  mill  rollers  were  smooth.  However,  the  capacity  of  a  mill  with  smooth  rollers  is 
much  less  than  that  of  a  mill  of  the  same  dimensions  and  the  same  speed,  but  with  grooved 
rollers.  Further,  the  grooved  rollers  break  up  the  bagasse  more  completely,  and  thus  facilitate 
the  extraction  of  the  juice  by  the  following  mills. 
Hence,  ungrooved  rollers  are  no  longer  made. 


CIRCUMFERENTIAL  GROOVES 

The  universal  type  of  grooving  is  the  circumferential  groove.  It  is  formed  by  grooving  the 
roller  with  notches  describing  complete  circles,  in  planes  perpendicular  to  its  axis.  These  are 
distributed  regularly  over  the  length  of  the  roller,  and  a  longitudinal  section  thus  gives  a  ser- 
rated outline  (Fig.  9.1). 

The  section  of  these  grooves  forms  an  isosceles  triangle  with  an  apical  angle  of  about 
55-60°.  To  avoid  leaving  sharp  and  fragile  edges,  the  exterior  point  of  the  triangles  is  cut 
off,  in  such  a  way  as  to  form  a  landing  or  flat  of  width  equal  to  about  -0  of  the  pitch.  In  the 
same  way,  a  landing  of  the  same  width  is  left  at  the  bottom  of  the  groove  (Fig.  9.2). 


Fig.  9.1.  Circumferential  grooving.  Fig.  9.2.  Detail  of  grooves. 


The  grooving  is  specified  by  its  depth  h  and  its  pitch  p.  It  is  described  by  these  two  figures, 
quoted  in  the  order  given:  "grooving  of  10  x  13  mm",  for  example,  which  means:  grooving 
of  10  mm  (|  in.)  deep  and  13  mm  (}  in.)  pitch.  The  pitch  is  the  distance  which  separates  the 
axes  of  two  successive  teeth.  The  depth,  or  height,  is  the  distance  from  the  top  to  the  bottom 
of  the  teeth,  measured  perpendicular  to  the  axis  of  the  roller. 

The  grooving  of  the  three  rollers  of  a  mill  is  arranged  in  such  a  way  that  the  teeth  of  the 
top  roller  mesh  with  the  grooves  of  the  two  bottom  rollers. 
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Dimensions  of  grooving 

Many  different  sizes  of  grooving  are  used.  They  are  distinguished  by  the  angle  of  the  groove 
and  by  the  pitch  and  depth. 

The  angles  most  often  used  are  45°,  50°  and  55°.  When  it  is  desired  to  run  the  rollers 
without  cleaning  the  bagasse  from  them  (cf.  p.  106)  the  angle  may  be  as  low  as  30  or  35°. 
French  manufacturers  have  adopted  50°. 

The  most  frequent  dimensions  are: 

(a)  Angle  of  50°;  pitch  of  25,  30,  40,  45,  50,  60  and  80  mm  (1  -3  in.).  The  depth  is  thus 
approximately  equal  to  the  pitch:  22.5  x  25,  28  x  30,  39  x  40,  44  x  45,  49  x  50,  60  x 
60  and  81.5  x  80  mm.  Thus  we  often  speak  of  40  x  40  instead  of  39  x  40,  for  example. 
The  pitches  of  60  or  80  mm  (21  and  3 5  in.)  are  in  general  reserved  for  first  mill-crushers. 

(b)  Angle  of  55°;  20  x  26,  40  x  52  mm  (1  and  2  in.).  Final  mills  were  often  of  smaller 
pitch  than  the  earlier  mills  in  the  train.  For  example: 


The  extraction  was  considered  better  with  mills  of  fine  grooving.  Grooving  even  of  5  x  6.5 
mm  (I  x  I  in.)  pitch  has  been  used  in  Hawaii.  However,  it  is  difficult  to  verify  the  assertion 
of  better  extraction,  and  the  present  trend  is  to  reduce  the  number  of  different  groovings  in 
a  tandem,  so  as  to  require  a  smaller  number  of  spare  rollers  and  give  improved  inter- 
changeability.  Thus  a  single  grooving  is  generally  adopted  at  least  from  the  second  to  the 
final  mill. 


First  mill  grooving:  38  X  50  mm  (1;  x  2  in.) 
Second  mill:  20  x  26  mm  (fx  1  in.) 

Third  and  following:    10  x  13  mm  (  f  x  j  in.) 


Fig.  9.3. 


Fig.  9.4. 


Fig.  9.5. 


Fig.  9.3-9.6.  Meshing  of  rollers  with  grooving  of  multiple  dimensions. 
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Meshing  of  rollers  with  grooving  of  multiple  dimensions 

Unfortunately,  the  meshing  of  a  roller  with  one  having  grooves  of  double  the  pitch  is  not 
as  simple  as  might  be  imagined. 

Let  us  consider  rollers  of  two  different  pitches,  one  coarse  (20  x  26  mm,  for  example) 
and  one  fine  (10  x  13  mm,  for  example). 

(7)  If,  in  the  bottom  roller  Bc  with  coarse  grooving,  a  tooth  occurs  in  the  median  plane, 
it  will  be  necessary  that  the  top  roller  TV,  with  fine  grooving,  should  have  a  groove  in  the 
median  plane  (Fig.  9.3).  The  roller  TV  then  must  have  an  even  number  of  teeth,  since  there 
must  be  the  same  number  on  each  side  of  the  median  plane,  which  is  a  plane  of  symmetry. 

Consequently,  a  bottom  roller  By  with  fine  grooving,  which  could  mesh  with  the  roller  Tf, 
cannot  mesh  with  a  top  roller  Tc  corresponding  to  Bc  (Fig.  9.4);  on  the  contrary,  the  teeth 
will  come  exactly  opposite  each  other. 

(2)  If,  in  the  bottom  roller  Bc  with  coarse  grooving,  a  groove  comes  in  the  median  plane, 
it  will  be  seen  (Fig.  9.5)  that  it  will  still  be  necessary  for  a  groove  to  fall  in  the  median  plane 
of  Tf,  and  that  the  rollers  Bf  and  Tc  corresponding  respectively  to  TV  and  Bc  still  will  not 
mesh  (Fig.  9.6). 

In  other  words,  for  any  roller,  and  especially  for  a  bottom  roller  of  coarse  grooving  Bc, 
considerations  of  symmetry  require  that  the  median  plane  will  pass  either  through  a  ridge 
(Fig.  9.3),  or  through  a  groove  (Fig.  9.5).  In  both  cases,  as  may  be  seen  from  the  figures, 
the  roller  of  fine  grooving  TVmeshing  with  Bc  should  have  a  groove  in  the  middle;  all  the 
ridges  of  TV  will  then  correspond  with  the  middle  of  the  flank  of  the  grooves  of  Bc. 

Hence  the  rules: 

Rule  1.  In  order  that  a  top  roller  of  fine  grooving  should  mesh  with  a  bottom  roller  of 
double  pitch,  it  is  necessary  that  the  top  roller  of  fine  pitch  have  a  groove  in  its  median  plane, 
and  consequently  an  even  number  of  teeth.  (Conversely,  the  condition  that  a  top  roller  with 
coarse  grooving  should  mesh  with  bottom  rollers  of  half  its  pitch  is  that  the  top  roller  with 
fine  grooving  corresponding  to  the  latter  should  have  a  tooth  at  its  mid-plane,  and  conse- 
quently an  odd  number  of  teeth.) 

Rule  2.  To  allow  two  rollers  to  mesh  when  one  has  a  pitch  double  that  of  the  other,  it  is 
necessary  to  choose  from  two  solutions  which  are  incompatible  with  each  other: 

(a)  TV  should  mesh  with  Bc  (and  then  Tc  will  not  mesh  with  Bj)  or 

(b)  Tc  should  mesh  with  fi^(and  then  TJwill  not  mesh  with  Bc). 

The  advantages  and  disadvantages  are  strictly  symmetrical.  From  the  point  of  view  of 
replacing  rollers,  for  example,  and  if,  normally,  rollers  of  the  same  grooving  are  used  in  the 
same  mill: 


(a)  If  Tj-meshes  with  Bc: 
Tc  may  be  replaced  by  Tf 


(b)  If  Tc  meshes  with  Bj\ 
Tc  may  not  be  replaced  by  T 


Bc  may  not  be  replaced  by  Bf 
Tf  may  not  be  replaced  by  fc 
Bf  may  be  replaced  by  B£ 


Bc  may  be  replaced  by  B* 
Tf  may  be  replaced  by  fc 


Bj-may  not  be  replaced  by  Bc- 
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We  shall  see,  however  (p.  105),  that  combination  (a)  of  Fig.  9.3  is  the  only  interesting  one, 
as  combination  (b)  is  never  met  with  in  the  sugar  factory.  Accordingly,  it  is  preferable  that 
r^should  mesh  with  Bc.  In  other  words,  the  grooving  should  always  be  arranged  so  that  the 
top  rollers  have  a  groove  in  the  middle,  i.e.  have  an  even  number  of  teeth. 

If  necessary,  the  sets  of  rollers  having  the  coarsest  grooving  of  the  tandem  could  be  an  ex- 
ception to  this  rule  (since  there  will  be  no  rollers  of  double  pitch  with  which  they  would  have 
to  mesh).  But,  not  knowing  what  may  be  done  in  the  future,  one  would  always  be  wiser  to 
apply  the  rule  just  enunciated  to  all  the  rollers  of  the  tandem. 


Mid-plane 


Fig.  9.7.  Universal  rollers. 


Universal  rollers 

Rollers  termed  "universal"  are  also  manufactured  which  may  be  used  equally  well  as  top  or 
bottom  rollers  (Fig.  9.7). 

With  these,  the  idea  of  symmetry  relative  to  the  median  plane  is  abandoned.  Their  groov- 
ing is  devised  in  such  a  manner  that  it  is  the  middle  of  the  flank  of  a  tooth  which  falls  in 
the  midplane  of  the  roller.  Consequently,  a  top  roller  becomes  a  bottom  roller,  or  vice  versa, 
by  simple  reversal  end  for  end.  This  system  is  favoured  in  Argentina.  It  offers  the  advantage 
that,  if  necessary,  one  roller  is  sufficient  for  replacement  and  provision  for  breakdowns.  But 
it  has  the  disadvantages  that: 

(7)  It  is  useful  only  for  the  chosen  dimension  of  grooving.  If,  for  example,  it  is  20  x  26 
mm  x  1  in.),  the  grooving  of  10  x  13  mm  (f  x  7  in.)  which  would  mesh  with  the  20  x 
26  mm  universal  roller  would  be  a.  symmetrical  grooving  (as  may  be  readily  seen  from  Fig. 
9.3)  with  an  odd  number  of  teeth,  and  so  would  not  be  able  to  mesh  with  a  smaller  grooving 
of  5  x  6.5  mm  (^x  j  in.).  A  grooving  of  40  x  52  mm  (1}  X  2  in.)  meshing  with  the  20  x 
26  mm  universal  grooving  would  be  entirely  unsymmetrical;  the  median  plane  would  pass 
one-quarter  of  the  way  down  the  side  of  a  tooth.  It  would  be  necessary  then  to  abandon  the 
idea  of  interchangeability  of  the  20  x  26  mm  and  the  40  x  52  mm  grooving.  Alternatively, 
the  universal  grooving  could  be  applied  to  the  40  x  52  mm,  and  it  would  then  be  necessary 
to  abandon  interchangeability  of  20  x  26  and  10  x  13  mm.  We  lose  in  interchangeability 
the  advantage  gained  by  the  universal  roller  in  its  own  grooving. 
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(2)  In  order  to  profit  from  the  advantage  offered,  it  is  necessary  to  construct  the  roller 
with  the  shaft  the  same  at  each  end,  so  that  the  free  end  carries  a  pinion  landing  and  a 
squared  end,  the  same  as  the  driving  end.  Such  a  roller  is  more  expensive  and  is  awkward 
in  appearance. 

This  disadvantage  is  less  marked  if  rollers  with  alternate  pinions  are  employed  (cf.  p.  167). 

(3)  In  case  of  a  breakdown,  it  may  be  necessary  to  change  the  pinion  -  an  operation  long 
and  sometimes  difficult,  and  liable  to  cause  delay. 

The  universal  roller  is  not  attractive  and  is  applicable  only  to  tandems  utilising  only  one 
pitch  of  grooving  in  a  given  mill;  the  advantage  applies  only  to  the  one  pitch. 

Variation  of  grooving  along  the  tandem 

The  size  of  the  grooves  generally  decreased  from  the  first  to  the  last  mill.  There  are  two  prin- 
cipal reasons  for  this: 

(7)  The  bagasse  becomes  finer  and  finer  as  it  proceeds  from  the  crusher  to  the  last  mill. 
It  was  logical  to  proportion  the  grooving  to  the  size  of  the  bagasse  particles  which  it  was 
designed  to  handle. 

(2)  One  of  the  objects  of  grooving  is  to  break  up  the  bagasse  to  facilitate  the  extraction 
of  juice.  It  is  in  the  early  mills,  therefore,  that  the  greatest  disintegrating  effect  must  be 
sought  (hence  the  coarsest  grooving),  in  order  that  the  later  mills  should  profit  from  it. 

This  variation  in  grooving  along  the  tandem  has  the  disadvantage  of  leading  to  rollers  of 
different  surfaces,  a  disadvantage  which  is  tempered  by  the  adoption  of  grooving  with  one 
pitch  a  multiple  of  the  others.  In  this  way  certain  rollers  may,  in  emergency,  be  replaced  by 
others  of  double  or  half  the  pitch,  as  we  have  just  seen. 

To  avoid  breaking  the  uniformity  of  the  tandem,  certain  factories,  in  Cuba,  Queensland 
and  Egypt  for  example,  tended  to  adopt  a  standard  grooving  by  continuing  through  to  the 
last  mill  the  coarse  grooving  adopted  for  the  early  mills.  The  difference  in  extraction  is  not 
appreciable  if  it  can  be  arranged  that  the  rollers  of  the  last  two  mills  are  always  new  or  in 
good  condition.  This  solution  was  thus  not  strictly  contra-indicated.  It  has  the  advantage, 
moreover,  of  removing  one  of  the  causes  of  choking  of  the  later  mills  (poorer  feeding  with 
fine  grooving),  and  it  is  now  general. 

Disposition  of  grooving.  As  example  of  previous  practice  in  the  disposition  of  grooving 
along  the  length  of  the  tandem  is  given  in  Table  9.1  for  the  principal  types  of  tandem. 

Double  pitch  grooving  in  feed  roller 

Table  9.1  assumes  that  the  three  rollers  of  each  mill  have  grooving  of  the  same  dimensions. 
However,  it  is  sometimes  advantageous  to  group  in  the  one  mill  rollers  with  grooving  of  dif- 
ferent dimensions,  provided  that  they  mesh  with  each  other;  and  the  only  rational  solution 
is  to  have  the  grooving  of  one  roller  meshing  with  grooving  of  double  the  pitch. 

It  is  necessary  moreover  that  the  top  roller  and  the  delivery  roller  should  have  the  same 
grooving,  otherwise  certain  parts  of  the  bagasse  will  not  be  subject  to  adequate  pressure, 
resulting  in  some  loss  of  extraction.  For  the  same  reason,  these  two  rollers  should  have  the 
smaller  grooving.  Under  these  conditions,  there  is  only  one  combination  possible;  the  feed 
roller  must  have  a  grooving  double  that  of  the  other  two. 
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This  was  the  grooving  adopted  in  our  factories.  Table  9.2  for  example  gives  the  grooving 
of  Savanna  in  Reunion,  the  tandem  then  consisting  of  six  mills  of  725  X  1,370  mm  (28  X 
54  in.)  preceded  by  two  sets  of  knives  and  a  shredder.  This  tandem  has  been  replaced  by  one 
of  860  X  1,700  mm  (34  x  67  in.)  as  the  first  mill  with  following  mills  of  810  x  1,675  mm 
(32  X  66  in.).  The  first  mill  grooving  is  60  X  60  mm  (2j  x  2f-in.),  the  second  40  X  52  mm 
(1^  X  2  in.),  the  third  40  X  52  mm  (1|  in.)  for  the  feed  roller  and  20  X  26  mm  (I  x  1  in.) 
for  top  and  delivery.  The  later  mills  have  grooving  of  20  x  26  mm  (|  x  1  in.)  at  all  rollers. 

This  system  had  the  advantage  of  assisting  mill  feeding  owing  to  the  space  left  free  at  the 
feed  roller  (Fig.  9.3),  while  maintaining  a  full  pressure  at  the  delivery.  It  allows  for  and  accen- 
tuates the  role  assigned  to  each  roller,  as  the  feed  roller  has  primarily  the  object  of  forcing 
the  bagasse  to  enter  the  mill,  and  the  delivery  roller  that  of  extracting  as  much  juice  as  possi- 
ble. 

TABLE  9.1 


SIZES  OF  GROOVING  IN  DIFFERENT  TANDEMS  (in  mm) 


Crusher 

1st  Mill 

2nd  Mill 

3rd  Mill 

4th  Mill 

5th  Mill 

I2-roller  tandem 

40  x  52 

20  x  26 

10  x  13 

10  x  13 

14-roller  tandem 

40  x  52 

20  x  26 

20  x  26 

10  x  13 

10  x  13 

15-roller  tandem 

40  X  52 

20  x  26 

20  x  26 

10  x  13 

10  x  13 

18-roller  tandem 

40  x  52 

20  x  26 

20  x  26 

10  x  13 

10  x  13 

10  X  13 

TABLE  9.2 


PITCH  OF  GROOVING  (in  mm),  SAVANNA  (mills  725  x   1,370  mm) 


1st 

Mill 

2nd 

Mill 

3rd 

Mill 

4th 

Mill 

5th 

Mill 

6th 

Mill 

Feed  roller 

57 

X 

52 

37 

X 

52 

57 

x  52 

28.5 

X 

26 

28.5 

X 

26 

28.5 

X 

26 

Top  roller 

57 

X 

52 

28.5 

X 

26 

28.5 

X  26 

14.25 

X 

13 

14.25 

X 

13 

14.25 

X 

13 

Delivery  roller 

57 

X 

52 

28.5 

X 

26 

28.5 

x  26 

14.25 

X 

13 

14.25 

X 

13 

14.25 

X 

13 

Angle  of  grooving 

Wear  and  breakages  of  the  teeth  increase  when  the  angle  of  grooving  is  decreased,  but  to 
a  smaller  extent  than  was  supposed  until  1955.  When  there  is  no  reason  for  adopting  a  more 
acute  angle,  a  value  of  about  55°  is  employed.  American  factories  sometimes  adopt  45  -  50°, 
a  value  which  may  be  recommended.  However,  it  is  the  Australians  who  in  about  1956  —  58 
adopted  the  greatest  innovations  in  this  matter.  While  they  had  already  long  used  an  angle 
of  35°,  they  found,  when  aiming  to  allow  the  grooving  of  the  top  rollers  to  fill  with  bagasse 
("dirty  top  roller"),  that  the  angle  of  the  grooving  had  a  marked  influence  on  the  packing 
of  bagasse  in  the  roller  grooving.  At  the  feed  roller,  Donnelly1  specifies  30°,  this  angle  being 
sufficiently  acute  to  prevent  the  bagasse  from  penetrating  to  the  bottom  of  the  grooves, 
under  the  low  pressure  at  the  feed  roller;  the  groove  thus  acts  as  its  own  Messchaert  groove 
for  draining  the  juice. 
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For  the  top  roller,  he  recommends  30-35°,  with  the  object  of  allowing  the  grooves  to  fill 
with  bagasse.  For  this  it  is  necessary  to  place  the  top  roller  scraper  at  75  mm  (3  in.)  (for  a 
first  mill)  to  40  mm  (1|  in.)  (last  mill)  from  the  surface  of  the  roller;  or,  better,  to  replace 
it  by  a  straight  plate,  fixed  at  6.5  —  20  mm         in.)  from  the  tips  of  the  teeth  of  the  roller. 

If  it  is  not  desired  to  allow  the  top  roller  to  pack  with  bagasse,  Donnelly  recommends  the 
adoption  of  a  very  wide  angle,  45  -  60°,  to  ensure  that  the  bagasse  will  pack  to  the  bottom 
of  the  groove  under  pressure,  so  that  the  juice  cannot  flow  back  towards  the  entry  to  the  mill 
and  thus  be  lost  as  far  as  extraction  is  concerned. 

For  the  delivery  roller,  he  recommends  45°,  since  a  more  acute  angle  will  hold  the  bagasse 
too  strongly  and  the  scraper  will  not  be  able  to  remove  it. 

These  considerations  are  summarised,  with  our  recommendations,  in  Table  9.3. 

One  may  ask  what  is  the  best  method  for  meshing  of  grooving  of  different  angles.  We  con- 
sider that  the  best  solution  is  to  adopt  the  same  height  and  the  same  pitch  (or  multiples  or 
sub-multiples  of  these)  and  to  vary  the  width  of  the  flats.  Take,  for  example,  a  mill  with  top 
roller  of  grooving  28.5  X  26  mm  ( 1|  x  1  in.)  and  feed  roller  of  double  the  pitch.  Geometrical 
considerations  show  that  meshing  presents  no  problem  (Fig.  9.8).  It  is  necessary  only  to  avoid 
the  setting  described  as  "metal  to  metal"  and  to  allow  always,  in  the  setting  of  the  mill  at 
rest,  at  least  0.75  mm  (ji  in.)  between  the  closest  parts  of  the  two  rollers;  this  corresponds 
to  6.5  mm  (\  in.)  between  the  tops  of  the  teeth  and  the  bottom  of  the  grooving,  and  to  about 
4.75  mm      in.)  of  average  thickness  of  bagasse  layer  between  the  two  rollers. 

TABLE  9.3 


ANGLE  OF  GROOVING  (degrees) 

Top  roller  dirty  Top  roller  clean 


Roller 

Feed 

Top 

Delivery 

Feed 

Top 

Delivery 

Normal  values 

50 

50 

50 

Values  recommended  by  Donnelly 

30 

35 

45 

30 

50 

45 

If  disregarding  the  Messchaert 

effect  at  feed  roller 

45 

35 

45 

45 

45 

45 

Recommended  values 

42 

35 

42 

50 

50 

50 

MESSCHAERT  GROOVES 

Messchaert  grooves,  or  "Messchaerts"  (also  known  as  "juice  grooves"),  were  invented  and 
applied  in  Hawaii.  They  have  only  one  objective:  improvement  of  the  extraction.  They  un- 
questionably render  good  service  from  this  point  of  view,  and  their  adoption  today  is  almost 
universal. 

At  the  feed  roller,  it  is  in  the  zone  AB  (Fig.  9.9)  that  the  bagasse  undergoes  the  maximum 
pressure,  and  the  juice  is  extracted.  But  this  juice  has  only  two  ways  of  escape:  forward  with 
the  roller,  beyond  the  trashplate,  or  backward  in  the  direction  of  the  point  C.  In  either  direc- 
tion, it  encounters  a  thick  layer  of  bagasse,  already  compressed,  moving  in  the  same  direction 
as  the  juTce  at  BD,  but  in  the  opposite  direction  at  AC. 
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Messchaert  had  the  simple  but  fruitful  idea  of  providing  an  outlet  for  the  juice  by  cutting 
circumferential  grooves  around  the  feed  roller  at  intervals,  by  means  of  which,  at  all  points 
in  the  zone  .42?,  the  juice  can  find  an  immediate  way  out,  and  can  drain  without  hindrance 
from  any  part  of  the  roller. 

We  may  comment  that  the  juice  which  flows  from  B  comes  mainly  from  the  region  A,  since 
at  B  the  point  of  maximal  pressure  has  already  been  passed  and  the  juice  has  in  principle 
already  been  extracted;  the  portion  of  juice  which  remains  is  absorbed  by  the  bagasse  as  it 
re-expands. 

The  same  problem  is  encountered  at  the  delivery  roller,  but  here  it  is  less  serious,  since 
gravity  assists  the  juice  to  escape  from  the  zone  of  high  pressure,  whereas  at  the  feed  roller 
it  has  to  climb  over  the  roller  to  pass  through  the  layer  AC. 

Messchaerts  may  be  provided  in  two  ways: 

(1)  By  eliminating  a  tooth  and  locating  the  Messchaert  in  the  position  of  the  tooth  eliminated 
(Fig.  9.10) 

(2)  By  leaving  all  the  teeth,  and  cutting  the  Messchaert  between  two  teeth  (Fig.  9.11). 
The  latter  system  has  the  advantage  that  it  does  not  lose  a  tooth,  and  consequently  avoids 

creating  a  zone  of  lower  pressure  in  the  layer  of  compressed  bagasse.  On  the  other  hand, 
lateral  drainage  of  the  juice  is  not  so  easy,  and  the  teeth  next  to  the  Messchaerts  have  a 
greater  tendency  to  fracture  along  the  line  ab.  Thus  the  second  system  is  reserved  for  coarse 
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Top  roller 


Top  roller 


Messchaert 

Fig.  9.10.  Formation  of  a  Messchaert  by  elimination  of  a  tooth. 
Fig.  9.11.  Formation  of  a  Messchaert  without  elimination  of  a  tooth. 


Messchaert 


grooving  in  which  the  width  of  the  tooth  compensates  for  the  proximity  of  the  Messchaert 
(cf.  Figs.  9.10  and  9.11). 


Dimensions  of  Messchaerts 

In  the  feed  roller,  the  Messchaerts  are  given  a  width  of  3  -  6.5  mm  (g-£  in.),  generally  5  mm 
(yz  in.).  There  is  no  advantage  to  be  obtained  by  making  them  wider;  the  pressure  succeeds 
in  forcing  bagasse  into  Messchaerts  which  are  too  wide,  and  drainage  is  less  effective. 

The  depth  of  the  Messchaerts  depends  on  the  quantity  of  juice  which  they  have  to  handle. 
A  depth  of  at  least  20  mm  (fin.)  is  necessary,  measured  from  the  base  of  the  grooves.  In 
general,  a  depth  of  25  mm  (1  in.)  is  provided  (Fig.  9.12).  However,  with  very  high  crushing 
rates  and  heavy  imbibition,  when  the  Messchaerts  are  widely  spaced,  this  depth  is  not  suffi- 
cient to  drain  the  juice  from  the  feed  roller.  It  is  then  necessary  to  make  the  Messchaerts 
either  more  numerous,  or  deeper.  In  Hawaii  they  are  taken  to  a  depth  of  40-50  mm  (1^-2 
in.). 

The  flow  of  juice  in  the  Messchaerts  depends  on  their  pitch,  which  is  the  distance  between 
successive  Messchaerts.  This  must  obviously  be  a  multiple  of  the  pitch  of  the  main  grooving. 
For  grooving  of  13  mm  (j  in.)  pitch  Messchaerts  of  52  or  78  mm  (2  or  3  in.)  pitch  are 
adopted,  or  52-  104  mm  (2—4  in.)  pitch  for  main  grooving  of  52  mm  (2  in.)  pitch. 


Fig.  9.12.  Dimensions  of  Messchaerts  (mm). 


no 
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Pitch  and  symmetry  of  Messchaerts 

As  the  pitch  of  the  Messchaerts  must  necessarily  be  a  multiple  of  that  of  the  main  grooving, 
we  shall  have  1,  2,  .  .  .,  6  teeth  between  adjacent  Messchaerts.  With  medium  or  coarse  groov- 
ing working  at  high  tonnages,  it  may  be  of  advantage  to  have  a  Messchaert  groove  every  two 
grooves  rather  than  one  every  three  grooves.  However,  this  is  not  always  possible  if  symmetry 
is  to  be  maintained.  Messchaerts  are  applicable  only  for  bottom  rollers,  and  we  have  seen 
(p.  103)  that  top  rollers  should  preferably  have  a  groove  in  the  middle;  hence  the  bottom 
rollers  of  the  same  grooving  must  have  a  tooth  in  the  middle.  Thus,  for  a  symmetrical  ar- 
rangement of  Messchaerts  relative  to  the  median  plane  of  the  roller,  they  should  have  bet- 
ween them  an  odd  number  of  teeth:  1,  3,  5,  etc.,  as  is  easily  seen  by  considering  a  bottom- 
roller  grooving  such  as  that  of  Fig.  9.4  or  9.6.  An  interval  of  one  tooth,  i.e.  a  Messchaert 
every  groove,  is  always  possible,  though  it  may  be  desirable  only  with  certain  coarse  groov- 
ings,  for  example,  in  the  feed  roller  of  the  first  mill;  but  it  may  often  be  found  that  an  interval 
of  three  teeth  is  too  much  and  that  it  is  necessary  to  have  a  Messchaert  every  two  teeth.  In 
this  case  there  are  only  two  possible  solutions: 

(1)  To  accept  a  non-symmetrical  arrangement  of  the  Messchaerts,  which  has  moreover  no 
disadvantage  for  performance  but  increases  the  risk  of  errors  in  the  workshop,  or 

(2)  To  locate  the  Messchaerts  so  that  the  median  interval  is  3  teeth,  and  all  the  others  2  teeth. 
This  is  the  better  solution. 

This  problem  arises  only  for  an  interval  of  2  teeth.  For  an  interval  of  4,  there  is  scarcely 
any  disadvantage  in  adopting  3  or  5  and  thus  retaining  an  odd-number  spacing. 

Delivery  roller 

The  above  figures  for  depth  and  pitch  are  for  feed  rollers.  When  Messchaerts  are  placed  in 
delivery  rollers,  the  depth  does  not  exceed  20  mm  (f  in.),  because: 

(1)  This  would  not  be  necessary  on  account  of  the  low  output  of  juice 

(2)  The  pressure  is  much  higher  at  the  delivery  roller:  the  risk  of  breakage  of  the  teeth  next 
to  the  Messchaerts  would  be  much  greater,  and  the  consequent  damage  would  be  correspon- 
dingly more  serious  if  the  Messchaerts  were  made  deeper. 

In  the  same  way,  and  for  the  same  reasons,  a  narrower  width  is  adopted,  3  mm  in.) 
instead  of  5  mm  in.),  and  a  substantially  greater  pitch.  For  grooving  of  the  family  10  x  13 
mm  (1x5  in.),  the  pitch  varies  from  78  mm  (3  in.)  to  130  mm  (5  in.). 

An  attempt  to  standardise  the  rollers  by  making  the  Messchaerts  the  same  for  feed  and 
delivery  rollers  would  have  more  disadvantages  than  otherwise.  The  difference  between  the 
two  rollers  is  unfortunate  but  necessary. 

Scrapers 

If  suitable  precautions  were  not  taken,  the  Messchaerts  would  become  filled  with  bagasse  and 
would  soon  cease  to  be  effective.  It  is  thus  necessary  to  install  below  the  rollers  special 
scrapers  or  "combs".  These  consist  of  steel  bars,  carrying,  opposite  each  Messchaert,  an 
angle-iron,  one  wing  of  which  is  extended  to  the  bottom  of  the  Messchaert  (Fig.  9.13). 

The  length  of  these  angle-irons  or  "fingers"  is  calculated  so  that  the  scraping  edge  makes 
an  angle  of  about  30°  with  the  roller  surface. 
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Fig.  9.13.  Messchaert  scraper. 


Wear.  It  is  important  that  the  scraping  fingers  be  firmly  attached  to  the  supporting  bar, 
and  set  so  as  to  pass  accurately  in  the  centre  of  the  Messchaerts.  Otherwise  they  will  rub 
against  the  sides  of  the  grooves,  wear  rapidly,  enlarge  the  Messchaerts  and  completely 
destroy  their  efficiency. 

Advantages  and  disadvantages 

Rollers  provided  with  Messchaerts  suffer  more  damage  from  tramp  iron  passing  through  the 
mill,  and  wear  more  rapidly.  But  they  are  of  great  benefit  at  the  feed  roller: 

(7)  They  improve  the  capacity  of  the  mill  by  permitting  it  to  deal  with  a  quantity  of  juice 
which  otherwise  would  cause  choking.  When  the  mill  is  not  working  at  its  maximum  capaci- 
ty, they  render  possible  the  use  of  a  quantity  of  imbibition  which  otherwise  would  be 
prohibitive. 

(2)  They  especially  improve  the  extraction  by  augmenting  the  proportion  of  juice  removed 
at  the  feed  roller,  thus  relieving  and  facilitating  the  task  of  the  delivery  roller. 

At  the  delivery  roller,  on  the  other  hand,  their  usefulness  is  more  debatable.  The  advan- 
tages are  less,  because  there  is  less  juice  and  it  flows  away  more  readily.  The  disadvantages 
are  more  serious,  because  the  pressure  is  much  greater,  and  because  it  is  difficult  to  devise 
a  satisfactory  method  for  cleaning  the  Messchaerts.  Furthermore,  in  the  case  of  Messchaerts 
formed  by  elimination  of  one  tooth  (Fig.  9.10),  the  bagasse  alongside  the  Messchaerts,  at  the 
delivery,  is  not  compressed:  its  moisture  and  pol  content  are  certainly  higher  than  those  of 
the  bagasse  coming  from  the  full  grooves.  At  the  last  mill  especially,  such  loss  cannot  be 
recovered. 

It  may  be  added  that  the  experiments  of  Bullock2  may  well  be  interpreted  as  indicating  that 
Messchaert  grooves  in  the  delivery  roller  are  not  effective. 

To  sum  up,  while  opinions  are  almost  unanimous  on  the  value  of  Messchaerts  in  the  feed 
roller,  opinions  are  divided  as  regards  the  delivery  side.  Our  opinion  is  that  Messchaerts  in 
the  delivery  roller  involve  a  definite  increase  in  expense,  while  offering  only  a  doubtful  gain, 
or  perhaps  a  loss.  We  do  not  recommend  them. 


Unlike  Messchaerts,  which  have  as  their  special  object  the  improvement  of  extraction, 
chevrons  have  the  sole  object  of  improving  the  feeding  of  the  bagasse. 
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Fig.  9.14  Chevrons.  Feeder  roller.  Messchaetl  scraper  (hydraulic  plungers  removed). 

These  are  notches  (Fig.  9.14)  cut  in  the  teeth,  in  a  sequence  which  describes  a  helix  from 
the  centre  to  one  end  of  the  roller,  the  other  half  of  the  roller  carrying  a  helix  symmetrical 
with  the  first  with  respect  to  the  median  plane  of  the  roller.  This  is  exactly  the  same  design 
as  that  on  the  Fulton  crushers,  and  uses  the  same  form  of  notch  (cf.  Fig.  5.4).  The  same 
remarks  on  the  depth  and  dispositions  of  the  chevrons  apply  to  mills  (cf.  p.  53). 

The  angle  of  the  chevrons  with  a  longitudinal  line  on  the  roller  varies  from  10  to  20°  and 
is  generally  18°.  The  pitch  is  of  the  order  of  20  cm  (8  in.). 

Chevrons  are  placed  only  on  the  two  feeding  rollers:  the  top  and  feed  rollers.  They  are 
never  placed  on  the  delivery  rollers,  because: 

(1)  They  would  not  be  of  any  use,  the  delivery  roller  being  in  a  way  force- fed  by  the 
trashplate  and  the  feed  roller 

(2)  The  bagasse  near  the  chevrons  would  not  be  adequately  compressed. 

For  the  latter  reason,  we  consider  that  it  is  equally  advantageous  to  omit  the  chevrons  from 
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the  top  roller,  the  pressure  at  the  delivery  opening  being  exerted  as  much  by  the  top  roller 
as  by  the  delivery  roller. 

Where  slip  is  liable  to  occur  between  the  roller  surface  and  the  bagasse,  an  acceptable  com- 
promise would  be  to  cut  chevrons  spaced  25  cm  (10  in.)  apart  (or  better  ^th  of  the  cir- 
cumference, i.e.  10  chevrons  on  the  roller)  and  of  depth  equal  to  one-third  the  depth  of  the 
main  grooving. 

Moreover,  chevrons  are  useful  on  the  feed  roller  only  in  the  case  where  its  grooving  is  the 
same  as  that  of  the  top  roller.  If  the  system  described  previously  (Fig.  9.3)  is  adopted,  they 
generally  become  superfluous;  if  not,  the  same  compromise  can  be  adopted  in  all  cases  as 
for  the  top  roller.  At  the  feed  roller,  moreover,  chevrons  have  the  disadvantage  of  increasing 
the  proportion  of  the  bagasse  passing  into  the  juice,  on  account  of  the  small  quantity  which 
lodges  in  the  chevrons  and  which  is  not  scraped  out  by  the  toe  of  the  trashplate. 

Conclusion 

In  certain  cases,  chevrons  are  of  real  assistance  to  the  grip  of  the  rollers  on  the  bagasse.  They 
are  not  indispensable,  except  when  approaching  the  extreme  capacity  of  the  mill,  and  if  they 
are  adopted  it  is  preferable  to  restrict  them  to  the  feed  roller  and  to  reduce  their  depth  to 
one-third  the  depth  of  the  grooving. 


KAY  GROOVING 

This  system,  devised  by  Kay,  engineer  at  Aguirre,  Puerto  Rico,  consists  of  cutting,  in  the  top 
roller,  helicoidal  grooves  of  rectangular  section,  of  a  depth  greater  than  that  of  the  cir- 
cumferential grooving  (Figs.  9.15  and  9.16). 

These  grooves  become  filled  with  bagasse  and  the  pads  of  bagasse  so  formed  facilitate  the 
feeding  of  the  entering  bagasse,  without  detriment  to  the  continuity  of  the  pressure.  How- 
ever, they  have  a  tendency  to  lift  the  scraper  plate  and  render  it  ineffective. 


Fig.  9.16.  Transverse  section  of  roller 
Fig.  9.15.  Kay  grooving.  with  Kay  grooving. 


WEAR  OF  ROLLERS 

Causes  of  wear 

Wear  of  the  rollers  occurs  owing  to  four  causes: 

(1)  Corrosion  of  the  metal  by  the  acid  juice 

(2)  Friction  of  scrapers  and  trashplate 
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(3)  Friction  of  the  cane  or  the  bagasse,  which  always  slips  on  the  roller  to  some  extent 

(4)  Passage  of  tramp  iron,  which  crushes  the  metal  or  breaks  the  teeth 

(5)  Necessity  for  turning  the  roller  down  during  the  slack  season,  after  2  or  3  campaigns, 
to  restore  its  proper  cylindrical  form. 

The  wear  is  generally  greater  at  the  centre  than  at  the  ends.  Turning  the  shell  also  permits 
of  reduction  of  irregularities  due  to  broken  teeth. 

Extent  of  wear 

In  mills  of  standard  design,  the  maximum  wear  permissible  in  a  roller  is  approximately 
4-5%.  In  other  words,  a  roller  of  1  m  in  mean  diameter  when  new  has  to  be  discarded  when 
its  diameter  has  been  reduced  to  950-960  mm.  In  mills  of  more  modern  design,  wear  may 
be  allowed  to  go  somewhat  beyond  5%,  exceptionally  to  10%  with  suitable  design. 

In  Java,  from  the  viewpoint  of  mill  performance,  the  diameters  of  different  rollers  of  the 
same  mill  were  not  permitted  to  vary  between  themselves  by  more  than  3%.  When  the  wear 
of  certain  rollers  of  a  tandem  exceeded  this  figure,  they  were  re-assembled  together  in  the 
one  mill.  If  one  mill  of  the  tandem  thus  had  to  work  with  smaller  rollers  than  the  others, 
it  should  not  be  the  first,  nor  the  last,  nor,  if  possible  (that  is,  in  tandems  of  more  than  11 
rollers),  the  second.  Generally,  then,  it  was  the  third  mill. 

If  the  3  rollers  of  a  mill  have  different  mean  diameters,  they  should,  as  far  as  possible, 
be  arranged:  the  smallest  as  feed  roller,  the  largest  as  delivery,  and  the  intermediate  one  as 
top  roller. 

This  point  of  view,  however,  is  contested  by  Mackay,  in  Australia,  who  asserts3  that  it  is 
the  top  roller  which  should  have  the  lowest  peripheral  speed.  He  even  goes  as  far  as  to  recom- 
mend giving  it  if  necessary  a  pinion  having  one  tooth  more  than  those  of  the  lower  rollers, 
so  as  to  give  it  a  peripheral  speed  of  75-  150  mm  (3-6  in.)  lower  per  revolution.  We  have 
never  tried  such  an  unorthodox  arrangement. 

Tromp4  gives  6.5  -  13  mm  (g  -  \  in.)  on  diameter  as  the  amount  of  wear  per  100,000  tonnes 
of  cane  treated,  or  a  life  of  about  3  years. 

In  South  Africa,  wear  is  reckoned  at  1.5  mm  (ji  in.)  of  metal  (3  mm  (|  in.)  on  diameter) 
for: 

16,000  t.c.  for  the  top  roller 
25,000  t.c.  for  the  feed  roller 
15,000  t.c.  for  the  delivery  roller 

Actually,  large  rollers  in  the  course  of  their  lives  handle  a  much  greater  tonnage  of  cane 
than  small  rollers,  and  it  is  more  logical  to  reckon  the  life  of  a  roller  in  hours  of  work.  The 
life  of  3  years  indicated  above  would  correspond  fairly  closely  to  average  campaigns  of 
100-  120  days  of  24  hours  for  rollers  of  all  dimensions.  Rollers  running  at  the  highest  speeds 
are  evidently  those  which  wear  most  rapidly. 

Crusher  rollers  have  a  longer  life,  generally  9-12  years. 

In  Java,  the  extent  of  wear  is  reckoned  as  follows,  in  thickness  of  metal  removed  per  100 
days  of  continuous  crushing: 
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Rollers  with  ordinary  grooving:  1.8  mm  (0.07  in.) 
Rollers  with  Messchaerts:  2    mm  (0.08  in.) 

Increased  width  of  Messchaerts:    1    mm  (0.04  in.) 


It  would  be  more  accurate  to  distinguish  between  the  feed  roller  and  the  two  others,  since 
it  wears  less  rapidly. 

The  following  are  some  measured  values:  (a)  at  Puunene  in  Hawaii5,  (b)  at  Ambilobe  in 
Madagascar,  (c)  at  la  Mare  and  Savanna  in  Reunion  (mean  over  5  seasons  1975-79),  with 
the  wear  expressed  as  percentage  of  that  of  the  top  roller: 


Roller 


Feed 
Top 

Delivery 


Puunene 
(per  month) 


0.53  mm  (  54%) 
0.98  mm  (100%) 
0.85  mm  (  87%) 


Ambilobe 
(per  1000  h) 


Reunion  Prop, 
(per  100,000  t.c.)  FCB 


3.7  mm  (71%) 

5.2  mm 

4.9  mm  (94%) 


2.1  mm  (68%) 

3.1  mm 

2.9  mm  (92%) 


60% 
100% 
90% 


The  values  for  Ambilobe  correspond  to  1,000  hours  of  operation.  The  last  column  gives  the 
proportions  accepted  by  Fives  Cail-Babcock. 

Reshelling  of  rollers 

When  a  roller  is  worn,  it  may  be  re-shelled  by  breaking  off  the  cast-iron  shell  and  returning 
the  shaft  to  the  manufacturers,  who  return  it  fitted  with  a  new  shell.  Many  factories  are  today 
equipped  themselves  for  carrying  out  this  rather  critical  operation.  It  can  be  done  only  once 
or  twice  at  the  most,  on  account  of  wear  of  the  journals,  which  in  turn  limits  the  life  of  the 
shaft.  Some  factories,  however,  build  up  the  worn  or  damaged  journals  by  welding,  and 
restore  them  to  the  original  diameter. 

We  may  comment  in  passing  that  the  shrink  fit  of  the  shell  on  the  shaft  should  be  approx- 
imately 1  per  1,000.  In  other  words,  if  the  diameter  of  the  shaft  is  0.5  m,  the  bore  of  the 
shell  should  be  0.5  mm  smaller  than  the  diameter,  or  499.5  mm. 

Roller  shafts  may  be  checked  by  ultrasonic  tests,  to  detect  those  which  are  cracked  or 
which  have  incipient  cracks,  and  are  liable  to  break  in  the  course  of  the  campaign.  The  crack 
is  located  and  its  approximate  magnitude  determined.  A  South  African  organisation  visits 
the  factories  in  Natal,  Mauritius,  Reunion  and  Madagascar  to  conduct  such  tests. 

To  break  the  shell,  two  main  methods  are  employed: 

(1)  Drill  holes  every  10  cm  (4  in.)  along  the  length  of  the  roller,  to  90%  of  the  thickness  of 
the  roller  shell.  Place  in  three  of  these  holes  plugs  of  dynamite,  and  explode  them 
simultaneously. 

(2)  Drop  a  monkey  or  "skull-cracker"  (an  old  tail-bar,  for  example)  on  the  roller  from  a 
height  of  5  -6  m  (15  -20  ft.),  by  means  of  a  crane. 

When  both  shaft  and  shell  are  worn,  a  valuable  part  of  an  old  roller  may  still  be  recovered 
by  making  from  its  material  a  roller  for  a  smaller  mill  (Fig.  9.17).  The  necessary  condition 
for  this  is  that  the  profile  of  the  small  roller  should  fit  within  that  of  the  large  one,  and  that 
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Fig.  9.17.  Turning  a  roller  from  a  larger  roller. 


after  turning  down  there  should  remain  a  sufficient  thickness  of  shell  for  strength  of  the 
roller,  say  at  least  10%  of  the  diameter  below  the  bottom  of  the  grooves.  Rollers  obtained 
in  this  way  have  a  surface  as  hard  as  that  of  new  rollers  and  a  resistance  to  wear  entirely  com- 
parable. 
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10.  Pressures  in  Milling 


Originally,  the  three  rollers  of  a  mill  were  fixed  relative  to  each  other,  and  their  positions 
in  the  housing  were  adjusted  at  the  start  of  the  season  or  of  the  week  with  the  aid  of  steel 
plates  or  wedges. 

The  pressure  was  then  determined  by  the  layer  of  bagasse:  it  increased  when  the  tonnage 
was  increased,  and  dropped  when  it  was  decreased.  The  milling  results  varied  accordingly. 
The  greatest  disadvantage  was  associated  with  the  passage  of  foreign  bodies:  if  the  piece  of 
iron  or  steel  was  too  big  or  too  hard,  the  housing  (or  the  roller)  gave  way. 

This  led  to  a  search  for  some  more  flexible  arrangement;  hence  the  development  of  mills 
with  pressure  applied  by  springs  (Fig.  10.1).  This  is  the  system  still  adopted  today  in  very 
small  mills. 


HYDRAULIC  PRESSURE 


The  use  of  hydraulic  pressure  was  the  next  development;  this  had  the  advantage  of  maintain- 
ing a  constant  pressure,  independent  of  the  lift  of  the  roller. 


Fig.  10.1.  Spring-loaded  roller.  Fig.  10.2.  Hydraulic  pressure  system. 


The  upper  bearings  of  the  top  roller  are  arranged  to  slide  in  the  gaps  of  the  housing.  They 
receive,  with  or  without  the  interposition  of  an  intermediate  block,  the  pressure  exerted  by 
a  hydraulic  piston  (Fig.  10.3)  sliding  in  the  cap.  The  hydraulic  pressure  is  transmitted  to  the 
top  of  the  piston  by  a  system  of  piping  containing  oil  under  pressure  (Fig.  10.2),  the  pressure 
being  produced  by  an  accumulator. 
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to  the  rollers 

Fig.  10.3.  Section  of  a  hydraulic  cap. 

Accumulators 

There  are  various  types  of  accumulator,  the  principal  ones  being: 

(1)  The  deadweight  accumulator  (Fig.  10.2),  now  of  historical  interest  only 

(2)  The  air  -  oil  accumulator  with  air  reservoir  (little  used  -  see  second  edition) 

(3)  The  individual  air  -  oil  accumulator. 


Fig.  10.4.  Edwards  accumulator  with  rubber  bladder  (Edwards  Eng.  Corp.). 
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Individual  air -oil  acciimulalors.  The  first  accumulators  using  hydraulic  pressure  were 
placed  alongside  the  mills,  to  which  they  were  connected  by  piping.  Edwards,  in  America, 
had  the  happy  idea  of  placing  the  air  chamber  close  to  the  mill  cap,  the  accumulator  con- 
sisting of  a  bladder  filled  with  nitrogen  which  becomes  compressed  or  dilated  when  the 
hydraulic  ram  rises  or  falls  (Fig.  10.4).  Several  manufacturers  have  followed  this  example. 
Fives  Lille -Cail  deliver  their  mills  with  individual  pressure  bottles  without  a  bladder,  where 
the  air  is  enclosed  in  the  space  at  the  top  of  the  bottle,  which  is  necessarily  very  airtight. 

Oil  is  readily  added  to  these  bottles  by  means  of  a  common  oil  pump  placed  close  to  the 
mill  tandem;  thus  the  pressure  in  them  may  be  regulated  at  will;  they  are  very  free  from  leaks 
and  rarely  require  recharging.  They  have,  moreover,  the  advantage  over  the  previous  type 
of  avoiding  long  and  heavy  hydraulic  piping  with  a  consequent  pressure  drop  and  the 
resulting  slow  response  of  the  top  roller.  They  thus  act  rapidly,  are  more  flexible  and  also 
less  expensive. 

The  interior  diameter  of  the  pressure  bottles  of  Fives  Lille  -  Cail  is  20  cm  (8  in.),  those  of 
Edwards  are  22.5  cm  (9  in.).  They  are  then  only  approximately  1.2 -2. 5  times  smaller  than 
the  hydraulic  plunger  of  the  mill,  or  1.5-6  times  in  area.  Their  pistons,  when  they  are  pro- 
vided, accordingly  rise  by  1.5  — 6  times  as  much  as  the  roller. 

Since  the  volume  of  the  bottle  is  limited  (of  the  order  of  30  dm3  (1  cu.ft.).  the  pressure 


Fig.  10.5.  [  Jnilaterat  air  -  oV.  accumulator  with  lift  indicator  (Fives  Cail  -  Babcock). 
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will  accordingly  increase  somewhat  as  the  roller  lifts;  this  may  be  considered  an  advantage 
over  other  accumulators,  where  the  pressure  is  constant  or  practically  so. 

Accumulators  of  this  type  are  always  provided  with  direct  indicators  of  lift  (Fig.  10.5), 
which  add  to  the  preceding  advantages  a  complete  control  of  the  roller  movements,  and 
which,  moreover,  can  be  mounted  on  any  type  of  mill,  independently  of  the  type  of  ac- 
cumulator adopted.  The  use  of  these  indicators  can  be  strongly  recommended.  Their  cost  is 
insignificant  and  the  services  obtained  are  considerable. 

These  individual  accumulators  permit  the  pressure  at  each  end  of  the  roller  to  be  regulated 
independently  in  such  a  manner  that  the  lift  is  balanced  and  proportioned  at  each  end,  to 
the  layer  of  bagasse  which  passes  on  that  side.  II  often  happens  that  one  side  of  a  mill,  or 
of  a  tandem  of  mills,  regularly  receives  a  greater  quantity  of  cane  than  the  other  side.  This 
phenomenon  is  generally  due  to  an  unsym metrical  feeding  of  the  carrier,  which  is  frequently 
the  case,  for  example,  in  factories  possessing  only  one  lateral  table.  In  such  a  case,  it  is  impor- 
tant to  guard  against  aiming  at  an  equal  mean  lift  for  the  two  sides:  the  side  which  is  more 
lightly  loaded  should  furnish  a  mean  lift  slightly  less  than  that  of  the  other.  The  two  values 
so  obtained  for  the  lift  on  the  left  and  the  right  are  sometimes  very  different,  and  the  higher 
pressure  is  not  always  found  on  the  pinion  side  of  the  roller,  as  one  would  expect  (cf.  p.  167). 

Caps  and  hydraulic  pistons 

When  a  hydraulic  leather  or  packing  fails,  quick  replacement  should  be  possible.  The  cylin- 
drical chamber  in  which  the  piston  moves  is  open  at  the  top,  and  closure  is  effected  either 
by  an  ordinary  screw,  or  by  a  bayonet  fitting  or  screw  of  which  2  or  3  segments  have  been 
removed  so  that  a  rotation  of  90c  or  60°  suffices  to  fix  it  firmly,  as  with  the  breech 
mechanism  of  much  modern  artillery  (Fig.  10.6).  The  latter  system  is  much  quicker  in  opera- 
tion, and  its  oil-tightness  is  not  inferior  to  the  former. 

On  account  of  their  weight,  the  screws  are  fitted  with  two  lugs  which  facilitate  their 
unscrewing,  handling  and  removal. 


Fig   10.6.  Bayonet-type  cap  (Fives  Ca\~  -  Rahcoekt 
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The  hydraulic  piston,  sometimes  called  a  "cheese"  on  account  of  its  shape,  is  simply  a 
cylinder  with  its  edges  rounded. 

Leathers  and  packings.  On  account  of  the  very  high  pressure  prevailing  in  the  space  where 
the  hydraulic  pressure  acts,  the  question  of  preventing  serious  leakage  is  important.  For  the 
piston,  the  question  is  complicated  by  the  fact  that  it  is  mobile. 

The  problem  is  most  often  solved  by  closing  the  pressure  chamber  of  the  cap  by  a  leather 
bent  in  the  form  of  a  U  or  preferably  by  a  moulded  metallo-plastic  or  synthetic  rubber  pack- 
ing. One  of  these  is  placed  against  the  screw  cap  and  one  at  the  upper  portion  of  the  piston 
(Fig.  10.3). 

The  pressed  leather,  working  under  high  pressure,  must  be  of  very  good  quality.  Mineral- 
tanned  leathers  last  better  than  vegetable-tanned,  even  if  the  latter  are  oak-tanned. 

Possible  causes  of  poor  behaviour  of  leathers.  It  happens  sometimes  that  one  of  the 
leathers  of  a  mill  may  "squirt"  at  any  moment.  If  this  trouble  recurs  frequently,  it  is  most 
probably  due  to  the  absence  of  a  flexible  joint  between  the  leather  and  the  metal  parts  against 
which  it  presses.  It  is  then  necessary,  either  to  interpose  a  rubber  ring  between  the  curve  of 
the  leather  and  the  small  metallic  ring  against  which  it  is  supported,  or  to  place  a  wad  of  cot- 
ton in  the  inside  of  the  leather,  between  the  edge  of  the  steel  ring  which  fits  inside  the  U  and 
the  bottom  of  the  leather. 

Friction.  To  make  the  operation  of  the  hydraulics  as  free  as  possible,  it  is  necessary  to 
reduce  to  a  minimum  the  friction  caused  by  the  movements  of  the  piston  and  the  ac- 
cumulator. 

Now,  the  friction  is  roughly  proportional  to  the  height  of  the  leather  (approx.  25  mm  (1 
in.))  or  of  the  packing  (approx.  20  mm  (f  in.))  (Fig.  10.7).  In  the  case  of  a  leather,  it  is  also 
beneficial  to  protect  the  curve  of  the  leather  by  adopting  a  rounded  form  for  the  seating 
which  receives  it,  avoiding  a  sharp  angle  between  the  piston  or  plate  and  the  cylindrical  wall 
of  the  chamber. 

m  m 

Fig.  10.7.  Diametrical  section  of  hydraulic  leather. 

The  coefficient  of  friction/ of  the  hydraulic  packing  against  the  walls  has  an  approximate 
value: 

/=  (0.5  to  0.6)  |  CO-1) 

/    =  coefficient  of  friction 

h  =  height  of  leather,  in  mm  (in.) 

d  =  diameter  of  the  hydraulic  piston,  in  mm  (in.). 
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The  force  necessary  to  overcome  this  friction  is  therefore: 


(10.2) 


<j>  =  force  necessary  to  overcome  the  resistance  of  the  hydraulic  packing,  in  tonnes 
F  =  hydraulic  pressure  acting  on  the  piston,  expressed  in  tonnes. 

For  the  commonest  dimensions,  /  =  0,03  -  0.05,  and  it  will  be  seen  that  in  these  condi- 
tions, 0  =  3-5%  ofF.  For  a  mill  with  its  2  packings  receiving  a  total  pressure  of  300  tonnes, 
9-15  tonnes  are  therefore  required  to  "unstick"  the  pistons. 

Maximum  lift.  The  mill  caps  are  generally  constructed  so  as  to  permit  of  a  maximum  lift 
of  the  top  roller  of: 


Play  in  the  operation  of  accumulators 

There  always  exists  some  play  or  slack  in  the  working  of  the  hydraulic  system,  i.e.  the  top 
roller  will  always  lift  a  certain  amount  before  the  pressure  is  fully  effective  on  the  bagasse; 
in  the  case  of  the  old  deadweight  accumulators,  before  the  accumulator  begins  to  rise.  In  this 
case,  the  extent  to  which  the  roller  rises  from  its  stationary  position,  before  the  accumulator 
moves,  gives  a  measure  of  this  play. 

This  was  one  advantage  of  the  deadweight  accumulator,  or  the  plunger-type  air  -  oil  ac- 
cumulator, over  the  individual  air  -  oil  type;  these  indicated  the  instant  when  the  bagasse  is 
subjected  to  the  full  pressure,  while  the  lift  indicator  shows  the  lift  of  the  roller  from  its  posi- 
tion of  rest  without  showing  whether  the  bagasse  is  receiving  full  pressure  or  not. 

Causes  of  play.  This  play  is  due  to  several  causes: 

(a)  Play  of  the  bearings  in  the  housings 

(b)  Mill  caps  badly  adjusted 

(c)  Adjusting-bolts  of  the  delivery  roller  too  short  or  fitted  badly 
{d)  Play  between  bolts  and  bolt-holes  of  the  caps 

(e)  Shafts  badly  adjusted. 

Importance  of  play.  Mills  giving  good  extractions  are  always  those  in  which  the  play  is 
slight: 

A  play  of  1  — 2  mm     ~n  m-) 1S  normal 

A  value  of  5-6  mm  (^-|  in.)  is  excessive  and  harmful. 

The  existence  of  this  play  means  that  the  bagasse  is  not  submitted  to  the  full  pressure  until 
the  upper  roller  has  lifted  by  an  amount  corresponding  to  the  play:  it  has  lifted  by  A  ha. 
The  delivery  opening  accordingly  is  increased  by  A  eo,  and  we  have  in  mills  with  normal 
housing  (Fig.  13.4): 


4-6  cm  (12L-2| 
2-4  cm  (  \-\\ 


\  in.)  for  crushers 
\  in.)  for  mills. 


A  eo  =  A  ho  cos  — 


HYDRAULIC  PRESSURE 


123 


a  being  the  angle  of  construction  of  the  mill  (cf.  p.  260).  A  e  generally  amounts  to  3  -  6  mm 
(5-  5  in.),  the  highest  values  being  found  in  older  mills.  It  is  thus  necessary  to  be  cautious 
of  assuming  that  the  full  pressure  is  exerted  as  soon  as  the  bagasse  layer  reaches  a  thickness 
equal  to  the  delivery  opening.  The  pressure  depends  only  on  the  weight  of  the  top  roller  and 
the  items  which  it  lifts  with  it  (the  coupling,  part  of  the  tail-bar,  and  in  mills  with  fixed  open- 
ings, the  mill  cap)  until  the  moment  when  the  opening  attains  eo- 

True  delivery  opening  of  the  rollers  at  rest 

When.the  fabrication  superintendent  gives  the  "delivery  setting",  he  indicates  generally  the 
measurement  obtained  by  sliding  a  gauge,  either  between  the  two  small  cylindrical  strips  at 
the  extremities  of  the  rollers  (cf.  Fig.  13.2),  or  between  the  point  of  a  tooth  and  the  bottom 
of  the  groove  with  which  it  meshes,  about  one-quarter  of  the  length  along  the  roller,  choosing 
for  this  an  undamaged  portion  of  the  rollers. 

If,  for  example,  the  thickest  gauge  which  will  pass  between  the  rollers  is  3  mm  (}  in.),  he 
will  say,  "My  delivery  setting  is  3  mm". 

It  is  very  necessary  to  guard  against  reasoning  as  if  the  thickness  of  bagasse  passing  bet- 
ween the  rollers  when  not  lifting  had  the  same  value.  This  thickness  is  generally  much  greater 
than  the  "setting".  The  difference  is  due  to  a  number  of  causes: 

(a)  Non-uniform  wear  of  the  rollers.  If  for  example  the  setting  has  been  taken  between 
the  cylindrical  portions  at  the  extremities  of  the  rollers,  the  setting  at  the  mid-point  of  the 
rollers  will  be  higher,  since  the  rollers  wear  more  at  the  centre  than  at  their  extremities. 

(b)  Wear  at  the  tips  of  the  teeth. 

(c)  Destruction  (more  or  less  complete)  of  the  teeth  by  the  passage  through  the  mill  of 
pieces  of  iron  or  steel,  breaking  or  crushing  the  teeth  over  part  of  their  length  and  depth. 

id)  The  volume  left  free  by  chevrons  and  Messchaerts.  As  far  as  the  latter  are  concerned, 
experiments  made  in  Queensland  have  shown  that  it  is  suitable  to  take  them  into  account, 
for  the  volume  described  by  the  opening,  only  to  the  extent  of  one-quarter  of  their  depth 
(Bullock1). 

There  are  thus  four  measurements  to  be  distinguished  at  the  delivery  of  a  mill: 

(1)  The  "delivery  setting" 

(2)  The  true  opening  between  the  rollers  when  not  lifting,  taking  into  account  the  losses  of 
metal  (a),  (b),  (c),  and  the  free  volume  (d) 

(3)  The  opening  at  commencement  of  lift  of  the  accumulator 

(4)  The  delivery  opening  when  operating. 

The  delivery  setting  is  merely  a  theoretical  figure,  the  only  interest  of  which  is  that  it  is 
easy  to  measure.  The  true  opening  in  the  absence  of  lift  corresponds  to  a  true  volume 
generated  by  the  simultaneous  rotation  of  the  2  rollers.  When  the  mill  is  set  in  motion,  it 
begins  to  fill  with  bagasse;  the  compression  of  the  latter  then  increases  to  the  point  where 
it  is  sufficient  to  lift  the  weight  of  the  top  roller,  or  to  force  the  bottom  roller  to  the  bottom 
of  its  bearings,  or  the  bearings  hard  against  the  housing,  etc.  As  the  quantity  of  bagasse  pro- 
gressively increases,  the  various  cases  of  play,  (a)  -(e)  cited  above,  in  the  paragraph  Causes 
of  play  (p.  122),  come  into  operation  successively,  and  the  pressure  increases;  the  volume 
generated  thus  attains  the  value  corresponding  to  the  opening  at  the  commencement  of  lift; 
the  pressure  then  increases  more  rapidly  up  to  the  limit  corresponding  to  the  commencement 
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of  lift  of  the  accumulator.  Finally,  the  accumulator  lifts,  and  the  volume  generated  continues 
to  increase  in  direct  proportion  to  the  lift,  the  pressure  on  the  other  hand  remaining  substan- 
tially constant. 

We  shall  have  for  example: 

Delivery  setting:  1  mm  (0.04  in.) 

True  opening  in  absence  of  lift:        4  mm  (0.16  in.)  (mean  value) 

Opening  at  commencement  of  lift:     6  mm  (0.24  in.)  (mean  value) 

In  the  case  of  a  mill  of  100  t.c.h.  capacity,  the  delivery  opening  of  which  when  working 
is  16  mm  (0.64  in.)  for  example,  the  true  opening  in  the  absence  of  lift  will  be  filled  at  a  ton- 
nage of  less  than  25  t.c.h.  and  the  accumulator  will  not  lift  until  the  instantaneous  rate  cor- 
responds to  50  t.c.h.  Below  this  tonnage  the  pressure  will  not  be  fully  effective. 

Measurement  of  the  true  back  roller  opening  in  absence  of  roller  lift.  This  determination 
is  made  very  easily  by  the  test  with  lead,  on  condition  that  a  piece  of  lead  is  taken  small 
enough  to  avoid  displacing  the  rollers,  for  example,  a  piece  50  x  50  x  20  mm  (2  x  2  X 

|  in.)  will  be  suitable  in  general  for  mills  of  914  x  1,828  mm  (30  X  60  in.)  or  larger.  This 
is  made  to  pass  through  the  mill  while  checking  that  neither  the  rollers  nor  the  accumulator 
are  displaced.  The  thickness  of  the  piece  of  crushed  lead  is  then  determined  in  the  following 
manner:  it  is  placed  on  a  piece  of  squared  paper  and  its  contour  is  drawn  on  the  paper.  The 
number  of  squares  included  on  the  paper  is  then  counted,  and  the  piece  of  lead  is  weighed. 
Let  S  be  the  area  obtained  for  the  piece  and  G  its  weight.  We  have: 

e  =  ™  (10.3) 
dS 

e    =  thickness  sought,  in  cm  (in.) 
G  =  weight  of  lead,  in  g  (lb.) 

d  =  density  of  lead  =  11.35  g/cm3  (0.41  Ib./cu.in.) 
S  =  area  obtained,  in  cm2  (sq.in.). 

We  thus  obtain  the  mean  thickness  of  the  piece  of  lead  with  a  high  degree  of  precision. 
It  corresponds  to  the  true  back  opening  between  the  rollers  in  the  absence  of  roller  lift.  If 
the  surface  of  the  rollers  is  greatly  damaged,  the  mean  of  several  tests  should  be  taken,  allow- 
ing for  the  depth  of  a  Messchaert  groove  as  often  as  is  necessary  to  represent  its  correct  pro- 
portion of  the  surface  of  the  roller. 

This  question  of  slack  and  of  the  mill  openings  at  rest  and  at  first  application  of  pressure 
has  been  discussed  at  some  length,  but  we  consider  that  these  details  contribute  greatly  to 
a  better  understanding  of  what  happens  in  the  mill.  Individual  air  -  oil  accumulators  display 
a  commencement  of  lift  which  does  not  correspond  to  the  full  pressure,  on  account  of  the 
causes  of  play  indicated.  Fortunately  these  are  rather  slight  in  modern  well-constructed  mills. 
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Maximum  values 

Hydraulic  pressure.  The  accumulators,  piping  and  mills  are  generally  designed  for  oil 
pressures  of  250  — 350  kg/cm2  (3,500- 5,000  p. s.i.).  British  firms  have  adopted  as  standard 
280  kg/cm2  (4,000  p. s.i.),  while  French  manufacturers  go  up  to  300-320  kg/cm2 
(4,250-4,500  p. s.i.). 

This  maximum,  however,  is  not  generally  used,  or  is  used  only  in  the  last  mill.  With  the 
usual  dimensions  of  hydraulic  pistons,  a  value  of  300  kg/cm2  (4,250  p. s.i.)  is  sufficient  to 
allow  the  optimal  operating  conditions  to  be  attained,  as  we  shall  see  later. 

Total  pressure.  From  the  point  of  view  of  stresses  in  the  roller  material,  the  total  pressure 
exerted  on  the  top  roller  is  generally  measured  by  relating  this  pressure  to  the  projected  area 
(length  X  diameter)  of  the  roller  journals. 

The  pressure  on  the  journals,  so  defined,  generally  does  not  exceed: 

70-  80  kg/cm2  (1,000-  1,150  p. s.i.)  for  crushers 
100- 110  kg/cm2  (1,400-  1,600  p. s.i.)  for  mills  ( 

Some  manufacturers  have  gone  up  to  125  kg/cm2  (1,800  p. s.i.)  but,  from  the  point  of  view 
of  safety,  and  in  order  to  maintain  good  lubrication,  we  consider  it  is  not  advisable  to  exceed 
110  kg/cm2  (1,600  p. s.i.). 

PRESSURE  CONSIDERED  FROM  THE  OPERATING  VIEWPOINT 

Measure  of  the  pressure  on  the  bagasse 

The  indication  of  the  total  pressure  exerted  on  the  top  roller  gives  little  information  as  to 
the  corresponding  pressure  undergone  by  the  bagasse.  If,  for  example,  a  pressure  of  300  ton- 
nes were  applied  to  a  mill  of  1,097  x  2,560  mm  (36  x  84  in.)  it  is  evident  that  the  effect 
on  the  bagasse  will  by  no  means  be  the  same  as  if  the  300  tonnes  were  applied  to  a  mill  of 
914  X  1,828  mm  (30  x  60  in.).  In  the  larger  mill,  the  total  pressure  will  be  distributed  over 
a  larger  area  of  bagasse. 
In  the  same  way,  the  thickness  of  the  bagasse  layer  has  its  effect. 

In  an  attempt  to  take  into  account  the  dimensions  of  the  mill,  the  British  practice  is  to  ex- 
press the  figure  as  pressure/unit  length  of  roller.  However,  a  pressure  of  200  t/m  (60  t./ft.) 
would  give  the  same  total  pressure,  i.e.  360  tonnes,  on  a  roller  of  863  x  1830  mm  (34  x 
72  in.)  as  on  one  of  810  x  1830  mm  (32  x  72  in.),  but  the  effect  will  be  different. 

If  we  consider  (Fig.  10.8)  a  transverse  section  of  a  mill  in  operation,  we  can  quite  well  pic- 
ture this  figure  as  representing,  perhaps  rollers  of  50  cm  (20  in.)  diameter  on  a  scale  of  20, 
perhaps  rollers  of  100  cm  (40  in.)  diameter  on  a  scale  of  4V,  or  rollers  of  any  diameter  what- 
ever at  the  appropriate  scale. 

It  will  be  seen  then  that  the  layer  of  bagasse  indicated  on  the  figure  will  likewise  correspond 
to  a  thickness  determined  by  the  scale  of  the  figure,  but  proportional  to  the  diameter  of  the 
roller:  10  cm  (4  in.)  for  rollers  of  50  cm  (20  in.),  or  20  cm  (8  in.)  for  rollers  of  100  cm  (40 
in.),  etc. 
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Fig.  10.8.  The  bagasse  layer. 


For  the  present,  we  propose  to  concern  ourselves  only  with  the  pressure,  and  to  disregard 
temporarily  the  more  complex  phenomena  such  as  the  flow  of  juice  through  the  layer  of 
bagasse,  which,  however,  would  not  seriously  affect  our  conclusions. 

Other  things  being  equal,  it  is  obvious  that,  for  a  given  diagram,  e.g.  for  a  given  thickness 
of  bagasse  and  at  the  roller  setting  shown,  there  will  be  an  identical  nip,  degree  of  compres- 
sion, ratio  e/E  and  overall  treatment  of  the  bagasse,  whatever  the  scale  of  the  diagram.  In 
other  words,  in  the  two  cases  below: 


(1)  Diameter  of  rollers:  D  =  50  cm  (20  in.) 
Thickness  of  loose  bagasse:  E  =  10  cm  (  4  in.) 
Thickness  of  compressed  bagasse:  e    -     1  cm  (  0.4  in.) 

(2)  Diameter  of  rollers:  D  =  100  cm  (40  in.) 
Thickness  of  loose  bagasse:  E  -  20  cm  (  8  in.) 
Thickness  of  compressed  bagasse:           e    -     2  cm  (  0.8  in.) 

the  result  of  the  passage  of  the  bagasse  through  the  mill  will  be  practically  the  same.  But  these 
two  cases  correspond  to  the  same  compression  of  the  bagasse  at  homologous  points  in  two 
geometrically  similar  figures  (or  to  the  same  point  in  the  same  figure  at  two  different  scales), 
and  this  postulates  that  the  pressure  per  unit  area  on  the  bagasse  is  the  same  at  all  correspon- 
ding points  in  its  passage  between  the  rollers.  When  the  geometrical  similarity  is  realised,  the 
mechanical  similarity  will  also  be  realised  if  the  total  pressure  per  unit  length  of  the  roller 
for  the  100-cm  (40-in.)  mill  is  double  that  for  the  50-cm  (20-in.)  mill.  The  length  of  the  arcs 
in  contact  with  the  bagasse  in  the  former  case  is  effectively  double  that  for  the  second  case. 

For  a  layer  of  bagasse  of  thickness  equal  to  a  given  fraction  of  the  diameter  of  the  rollers 
(in  the  above  example,  20%  before  pressing,  2%  at  delivery  opening),  the  effect  on  the 
bagasse  will  be  identical  if  the  total  pressure  on  the  whole  length  of  the  roller  is  proportional 
to  LD: 

F  =  \LD  (10.5) 

F  =  total  hydraulic  pressure  acting  on  the  top  roller 

A  =  numerical  coefficient 

L  =  length  of  rollers 

D  —  diameter  of  rollers. 
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Specific  pressure 

We  now  see  that  a  logical  way  of  taking  into  account  the  roller  dimensions  is  to  relate  the 
total  pressure,  not  to  the  length  L  of  the  rollers,  but  to  the  product  LD  of  their  length  and 
diameter. 

However,  the  pressure  relative  to  LD  does  not  represent  anything  tangible  to  the  imagina- 
tion. But  it  is  found  that,  for  a  thickness  of  bagasse  layer  as  ordinarily  passed  through  the 
mills,  the  mean  pressure  exerted  on  the  bagasse  is  approximately  equal  to  that  which  would 
be  exerted  by  the  total  pressure  F  if  uniformly  distributed  on  a  plane  surface  of  length  L  and 
breadth  equal  to  one-tenth  of  the  diameter,  i.e.  D/\0. 

We  shall  therefore  define  the  specific  hydraulic  pressure  of  a  mill,  or  s.h.p.,  by  the  quotient 

P  =  L^  (10-6) 

0.1  LD  LD 

p   -  specific  hydraulic  pressure,  in  tonnes/dm2  (tons/sq.ft.)  =  "s.h.p." 
F  =  total  hydraulic  pressure  on  the  top  roller,  expressed  in  tonnes 
L  =  length  of  the  rollers,  in  dm  (ft.) 
D  =  diameter  of  the  rollers,  in  dm  (ft.). 

This  definition  of  s.h.p.  is  not  closely  related  to  the  actual  pressure  exerted  on  the  bagasse; 
it  is  merely  the  main  factor  in  it,  and  gives  an  approximate  figure  of  the  order  of  magnitude 
of  the  mean  pressure;  it  has  the  advantage  of  appealing  to  the  imagination,  as  one  can  im- 
mediately picture  a  pressure,  for  example,  of  10  t/dm2  or  100  tons/sq.ft.  of  bagasse.  It  is 
also  very  useful,  and  will  be  used  frequently  in  the  following  discussion.  It  should  completely 
replace  the  figure  of  load  per  unit  length  of  roller,  which  is  illogical  and  liable  to  cause  confu- 
sion. 

Thickness  of  the  bagasse  layer.  The  s.h.p.  permits  of  a  comparison  between  the  pressures 
of  two  different  mills,  but  one  must  be  cautious  of  using  it  as  a  measure  of  the  pressure 
undergone  by  the  bagasse.  The  s.h.p.  would  not  provide  a  measure  of  this  pressure  unless 
the  bagasse  layer  was  always  the  same  proportion  of  the  roller  diameter.  This  is  not  generally 
the  case,  either  in  two  different  mills,  which  may  be  under  different  control,  or  in  the  same 
mill,  where  the  crushing  rate  may  be  increased  or  decreased. 

Resolution  of  the  pressures  in  the  mill  while  operating 

In  an  ordinary  2-roller  crusher  in  operation,  the  reactions  resulting  from  a  load  P  exerted 
on  the  top  roller  are  very  simple.  There  is  a  reaction  of  Fs  on  the  upper  brasses  of  the  top 
roller,  and  a  reaction  Fi  on  the  bottom  brasses  of  the  bottom  roller  (Fig.  10.9),  and  each  of 
these  reactions  is  equal  to  P: 

F  =  F  •  =  P 

s  I 

In  a  mill,  the  resolution  is  somewhat  more  complex.  The  reaction  on  the  upper  brasses  of 
the  top  roller  is  still  equal  to  P.  If  there  were  no  trashplate,  the  load  P  would  be  resolved 
at  the  lower  rollers  into  two  reactions:  F\  at  the  feed  and  Fz  at  the  delivery  roller  (Fig.  10. 10). 
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Fig.  10.9.  Resolution  of  pressures  in  a  crusher.  Fig.  10.10.  Resolution  of  pressures  in  a  mill. 

The  latter  will  always  be  greater,  since  the  setting  at  the  delivery  is  always  closer  than  at  the 
feed  roller. 

Influence  of  the  trashplate.  However,  a  certain  portion  of  the  pressure  P  is  absorbed  by 
the  trashplate.  The  reaction  of  the  latter  is  slightly  displaced  in  front  of  the  axial  plane  of 
the  top  roller.  If  we  neglect  this  angle  of  displacement,  which  is  small,  we  see  that  the  reac- 
tions Fi  and  Fi  will  be  produced  only  by  the  remaining  fraction  of  P  (Fig.  10.11). 


Trashplate 

Fig.  10.11.  Effect  of  trashplate  reaction  on  the  hydraulic  load  (relative  pressures  expressed  as  %  total  pressure). 

What  is  the  fraction  of  P  absorbed  by  the  trash  plate?  Lehky2  estimates  that  the  mean 
pressure  on  the  trashplate  is  of  the  order  of  3  kg/cm2  (43  p.s.i.),  which,  for  the  usual  propor- 
tions, would  correspond  to  about  5%  off.  This  value  appears  to  us  to  be  very  low.  However, 
Russell23  finds  1.8  kg/cm2  (26  lb./sq.  in.),  corresponding  to  a  total  reaction  R  =  0.05  P. 
He  finally  proposes  R  =  0.10  P. 

Munson3  has  found  normal  values  of  10-14  kg/cm2  (140  —  200  p.s.i.)  but  has  stated  that 
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this  pressure  often  reaches  35  kg/cm2  (500  p.s.L)  and  can  even  exceed  60  kg/cm2  (850  p.s.i.). 
On  the  other  hand,  some  experiments  conducted  at  the  experimental  factory  at  Audubon 
Park4  indicated  that  the  reaction  of  the  trashplate  was  proportional  to  the  total  pressure  F, 
and  approximately  equal  to  half  this  total  pressure.  These  results,  as  indeed  their  authors  sug- 
gest, seem  to  err  on  the  high  side.  Finallly,  some  cross-checking,  and  particularly  some  tests 
by  Varona5,  which  we  interpret  moreover  in  a  manner  slightly  different  from  that  of  its 
author,  and  a  test  carried  out  at  our  factory  of  la  Mare,  lead  us  to  the  view  that,  in  industrial 
mills,  the  proportion  of  the  load  absorbed  by  the  trashplate  would  be  in  general  of  the  order 
of  20-30%  of  the  total  hydraulic  load.  The  Sugar  Research  Institute  at  Mackay6  agrees  on 
this  order  of  magnitude. 

Munson,  who  suggested  the  tests  at  Audubon,  considers  that  the  setting  of  the  trashplate 
has  little  effect  on  the  value  of  this  reaction,  although  the  highest  values  are  generally 
reported  for  very  low  settings;  whether  the  plate  be  fixed  high  or  low,  the  bagasse  ac- 
cumulates to  the  point  where  the  thickness  of  the  layer  corresponds  approximately  to  a  cer- 
tain constant  reaction,  which  we  have  just  estimated  at  20-30%  of  the  hydraulic  pressure 
exerted  on  the  top  roller.  We  share  this  point  of  view  provided,  obviously,  that  the  trashplate 
is  not  set  too  high  or  too  low.  If  it  is  correct,  there  will  be  no  need  to  consider  the  setting, 
which  fortunately  simplifies  the  problem. 


Fig.  10.12.  Constancy  of  the  sum  of  the  two  reactions:  feed  and  delivery. 

So  then,  20  -  30%  of  the  hydraulic  pressure  P  being  absorbed  by  the  trashplate,  there  re- 
mains only  some  75%  to  exert  the  pressures  F\  and  F%  at  the  entry  and  delivery  openings. 
If  we  produce  the  lines  of  these  forces  to  their  point  of  intersection  O,  centre  of  the  top  roller, 
and  project  them  on  the  vertical  line  (Fig.  10.12),  we  have: 

Fi  cos  ^  +  F2  cos  2  =  0.75  P 

whence: 

0.75  P 

Ft  +  F2  =  s  P  (10.7) 

cos  a/2 


130 


PRESSURES  IN  MILLING 


Ch.  10 


which  shows  that  the  sum  of  the  reactions  F\  and  F2  remains  constant  even  though  their 
relative  values  may  vary.  (We  shall  see  later  (p.  164)  a  more  accurate  value  for  this  sum.) 
We  can  therefore  enunciate  the  following  principle: 

Principle.  The  sum  of  the  forces  acting  on  the  assembly  of  the  working  bearings  of  a  mill 
has  a  constant  value,  which  is  approximately: 

P  +  F,  +  F2  =  P+P  =  2P  (10.8) 

Crusher.  For  a  crusher,  the  sum  of  the  forces  acting  on  the  assembly  of  the  4  active  bear- 
ings obviously  has  the  value  (Fig.  10.9): 

F  +  F  =  2  P  (10.9) 

We  see  then  that  for  an  equal  pressure  on  the  top  roller,  the  forces  acting  on  the  group 
of  bearings  of  a  crusher  are  approximately  equal  to  those  acting  on  the  bearings  of  a  mill. 

Definitions 

We  shall  use  henceforth  the  following  nomenclature  and  abbreviations: 
t.h.p.  =  Total  hydraulic  pressure  (or  total  hydraulic  load)  on  the  top  roller.  It  is  the 
number  of  tonnes  obtained  by  multiplying  the  total  area  of  the  two  pistons,  in 
cm2  (sq.in.),  by  the  oil  pressure  expressed  in  tonnes/cm2  (tons/sq.in.) 
s.h.p.  =  Specific  hydraulic  pressure.  This  is  the  figure  obtained  by  assuming  the  t.h.p.  to 
be  uniformly  distributed  over  a  rectangular  plane  surface  of  length  equal  to  that 
of  the  rollers  and  of  width  equal  to  one-tenth  of  their  diameter.  It  is  expressed 
in  tonnes/dm2  (tons/sq.ft.): 

ULP._=  10jUh^) 
H       0.1  LD  l& 

r.h.p.  =  Resultant  hydraulic  pressure  (or  hydraulic  load).  This  is  the  component,  either 
on  the  feed  side  F\  or  on  the  delivery  side  F2,  corresponding  to  the  t.h.p.  In  a 
crusher,  r.h.p.  =  t.h.p. 

s. r.h.p.   =  Specific  resultant  hydraulic  pressure: 

s. r.h.p.  -  —  (10.11) 
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Phenomena  influencing  pressure  in  mills 

It  has  long  been  believed  that  bagasse  passing  between  mill  rollers  travels  at  a  speed  equal 
to  the  peripheral  speed  of  the  rollers  which  move  it.  The  first  edition  of  this  manual  was  bas- 
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ed  on  that  hypothesis;  but  more  precise  measurements  have  shown  that  this  is  not  correct. 
As  long  ago  as  1928,  Egeter  in  Java  had  stated  that  the  volume  of  the  compressed  bagasse, 
as  it  passes  between  the  rollers,  is  greater  than  the  volume  generated  by  the  rollers.  He  en- 
countered much  scepticism,  as  even  technical  people  found  it  difficult  to  imagine  a  flow  of 
material  submitted  to  such  pressures.  More  careful  measurements  in  industrial  mills,  and 
laboratory  experiments,  particularly  those  of  Bullock  and  Murry  in  Australia,  have  shown 
decisively  that  there  is  hardly  ever  equality  between  the  volume  of  compressed  bagasse  and 
the  volume  generated  by  the  rollers. 

This  phenomenon  is  still  not  very  well  understood,  but  may  be  explained  in  the  following 
manner.  Let  us  consider  a  layer  AB  of  prepared  cane  or  bagasse  entering  a  mill  (Fig.  10.13). 
Let  us  visualise  vertical  equidistant  bands  AB,  CD,  etc.  as  if  they  were  marked  in  red,  in  this 
layer  of  bagasse.  When  these  bands  approach  the  rollers  they  will  be  disturbed  by  the  com- 
pression of  the  bands  preceding  them;  the  material  located  on  the  surface  and  coming  in  con- 
tact with  the  rollers  will  be  carried  along  by  friction,  but  will  drag  the  interior  layers  forward 
to  a  lesser  extent  only,  particularly  as  they  encounter  greater  and  greater  resistance  due  to 
the  fact  of  the  increased  compression.  Thus  the  bagasse  has  a  tendency  to  flow  back  towards 
zones  of  lower  pressure.  These  bands  accordingly  will  at  first  bend  backwards  and,  when  the 
space  between  the  rollers  becomes  very  narrow,  they  will  form  pockets  in  the  middle  layer. 

This  material,  however,  is  not  solid  like  metallic  fibre,  nor  fluid  like  steel  on  the  point  of 
melting;  it  consists  of  solid  fibres  and  liquid  juice.  Under  the  influence  of  pressure,  the  cell 
walls  burst,  the  juice  tends  to  escape  towards  the  zone  of  lower  pressure  and  flows  back 
through  the  fibrous  mass  towards  the  free  exterior  spaces  M  and  TV.  At  TV,  it  escapes  to  the 
juice  pan;  at  M,  it  cannot  escape  except  by  traversing  the  whole  bagasse  layer  where  it  is  not 
yet  under  pressure.  It  thus  saturates  the  material  and  so  contributes  to  increasing  the  propor- 
tion of  juice  therein  and  consequently  the  proportion  which  is  trapped  and  carried  on 
towards  the  opening. 


Fig.  10.13.  Formation  of  semi-liquid  pocket. 


Fig.  10. 14.  Distribution  of  pressures  on  the  roller. 
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A  new  factor  now  comes  into  play;  the  permeability  of  the  fibrous  mass.  This  permeability 
is  very  high  in  loose  bagasse  but  drops  abruptly  when  the  pressure  increases  and  becomes 
practically  nil  at  very  high  pressures,  as  demonstrated  by  Bullock  and  Murry.  The  juice  which 
has  not  been  able  to  escape  in  the  zone  of  high  permeability,  or  low  pressure,  thus  finds  itself 
trapped.  There  arrives  then  at  the  zone  of  very  high  pressures,  towards  PQ,  a  material  con- 
sisting of  juice  intimately  intermingled  with  fibre.  This  material  assumes  under  such  pressures 
the  state  which  Linley  has  described  as  "semi-liquid"  (Murry7);  it  possesses  peculiar  proper- 
ties, and  the  liquid  shows  a  violent  tendency  to  squirt  through  the  first  available  opening, 
probably  taking  with  it  a  certain  proportion  of  fibre. 

The  juice  which  has  thus  been  trapped  in  the  middle  of  the  bagasse  layer  forms  a  pocket 
which  is  well  depicted  by  our  distorted  vertical  bands  (Fig.  10.13).  We  shall  now  consider 
what  happens  to  this  pocket  of  material:  when  it  arrives  at  the  axial  plane  00  ' ,  it  finds  ahead 
of  it  a  zone  of  decreasing  pressures.  The  liquid  will  then  obviously  be  thrown  forward  and 
will  find  in  front  of  it  a  bagasse  relatively  dry  and  expanding  like  a  sponge,  in  which  it  will 
immediately  be  re-absorbed.  We  see  here  one  of  the  deficiencies  of  the  crude  system  of  ex- 
traction provided  by  the  milling  process;  an  enormous  amount  of  energy  is  expended  to 
release  the  juice,  but  a  large  fraction  of  the  juice  thus  liberated  is  immediately  lost  again  by 
re-absorption.  This  disadvantage  is  a  matter  of  the  nature  of  the  materials  and  would  be  very 
difficult  to  overcome. 

Consider  again  the  pocket  of  juice:  in  the  last  inch  preceding  the  axial  plane  OO' ,  the 
opening  between  the  rollers  is  barely  greater  than  that  at  the  axial  plane.  If  it  is  0.80  in.  at 
OO  ' ,  it  would  be  0.81  in.  at  j  in.  before  the  axial  plane.  It  is  readily  seen  that,  in  the  semi- 
fluid state  described,  squirting  through  the  delivery  opening  will  actually  take  place  well 
ahead  of  the  axial  plane.  However,  as  soon  as  squirting  takes  place,  the  pressure  falls  or  at 
least  ceases  to  rise.  It  follows  that  the  maximum  pressure  takes  place  not  at  the  axial  plane 
but  in  an  earlier  plane,  in  the  neighbourhood  of  PQ,  called  the  "neutral  plane". 

The  distribution  of  pressure  in  the  mill  is  thus  displaced  towards  the  feed  side  (Fig.  10.14) 
relative  to  what  is  assumed  in  picturing  the  maximum  as  being  at  the  axial  plane.  It  is  pro- 
bably practically  constant  between  the  neutral  plane  and  the  axial  plane,  and  falls  off  rapidly 
beyond  the  latter.  We  have  represented  these  pressure  changes  by  ordinates  placed  on  the  cor- 
responding radii  of  the  top  roller. 

The  neutral  plane  PQ  may  be  located  at  25  -  50  mm  (1-2  in.)  before  the  axial  plane.  The 
squirting,  or  at  least  the  flow  at  a  speed  above  that  of  the  rollers,  commences  at  the  neutral 
plane  and  finishes  just  after  the  axial  plane. 

A  certain  proportion  of  juice  therefore  passes  through  YZ  (Fig.  10. 13)at  a  higher  speed. 
It  is  possible  that  this  is  a  small  proportion  squirting  at  high  velocity  through  the  medium 
layer  xx'  (Fig.  10.14);  it  is  possible  also  that  practically  all  the  juice  passes  through  the 
fibrous  mass  at  a  speed  only  10,  20  or  50%  higher  than  that  of  the  rollers.  It  is  possible  finally 
that  the  juice,  being  thrown  forward  in  this  way,  entrains  with  it  some  solid  material.  The 
term  "extrusion"  is  applicable  to  this  latter  hypothesis:  there  is  an  extrusion  of  the  solid - 
liquid  material  under  pressure  through  the  delivery  opening. 

The  term  "re-absorption"  is  applicable  in  any  case,  since  it  refers  to  juice  passing  through 
the  opening  at  increased  velocity  and  becoming  re-absorbed  after  the  delivery  opening  in  a 
mass  of  bagasse  which  has  been  deprived  of  its  juice  and  is  in  a  condition  to  absorb  moisture 
eagerly. 
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Re-absorption  factor  or  excess-speed  coefficient 

We  may  use  to  term  "excess-speed  coefficient"  for  the  ratio  r  of  the  mean  speed  of  the 
material  through  the  opening  to  the  peripheral  velocity  of  the  rollers.  This  ratio  is  also  called 
the  "re-absorption  factor",  or  "coefficient  of  slip".  The  latter  term  is  hardly  appropriate, 
since  one  does  not  normally  think  of  a  negative  slip  at  high  pressures;  "forward-slip  factor" 
would  perhaps  be  a  more  descriptive  term. 

This  factor  is  easily  calculated,  when  the  volume  of  material  is  known  as  well  as  the  volume 
generated  by  the  rollers: 


(10.12) 


r    =  re-absorption  factor 

VB~  volume  of  the  bagasse  as  it  passes  through  the  delivery  opening 

VE~  volume  generated  at  the  delivery  opening  by  the  rotation  of  the  two  rollers. 

The  ratio  r  increases  with  degree  of  compression.  When  it  reaches  unity,  the  phenomenon 
of  re-absorption  has  actually  already  commenced.  If  we  consider  a  mill  with  a  very  wide 
opening,  the  phenomena  due  to  very  high  pressures  and  which  we  have  described  above  will 
not  be  produced.  Loose  bagasse,  however,  except  the  layer  in  contact  with  the  rollers,  is  not 
dragged  forward  bodily  at  the  peripheral  velocity.  Slip  therefore  occurs  and  the  ratio  r  is  less 
than  1.  The  term  "coefficient  of  slip"  is  then  fully  justified.  It  reaches  unity  only  when,  the 
pressure  increasing  or  the  mill  being  closed  in,  re-absorption  commences  and  becomes  suffi- 
cient to  compensate  the  normal  slip.  It  is  no  cause  for  surprise  that  the  graph  obtained  in 
practice,  giving  the  extraction  as  a  function  of  increasing  tonnage,  for  a  mill  with  a  given 
opening,  crosses  the  theoretical  curve  (Fig.  10.15).  (We  understand  by  the  theoretical  curve 
the  curve  which  would  be  obtained  in  the  absence  of  re-absorption,  i.e.  if  all  the  bagasse 
material  was  moved  forward  at  the  peripheral  speed  of  the  rollers.)  There  would  otherwise 
be  no  explanation  for  the  part  of  the  graph  corresponding  to  values  of  r  less  than  I . 


Extraction 


Tonnage 


0 


Fig.  10.15.  Theoretical  and  practical  extraction  curves. 
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Densities  of  fibre,  cane  and  bagasse 

One  of  the  first  questions  which  arise  is:  how  can  the  volume  of  the  material  under  pressure 
be  measured?  It  is  apparently  very  variable,  and  depends  on  its  fibre,  its  state  of  subdivision, 
the  size  and  the  shape  of  the  pieces,  on  the  thickness  of  the  bagasse  layer  (a  thick  layer  com- 
pacts more  than  a  thin  layer),  on  the  brix  of  the  juice,  etc. 

No-void  volume.  These  variations  and  these  sources  of  uncertainty  are  much  reduced  if, 
instead  of  the  apparent  volume,  the  no-void  volume  of  the  material  is  used.  The  material  con- 
sists of  two  substances:  fibre  and  juice. 

A.  Fibre.  The  density  of  fibre  is  now  well  known.  The  density  of  cellulose  being  1  .55,  that 
of  the  fibre  cannot  differ  greatly  from  this  figure.  The  best  determination  which  has  been 
made  is  that  of  Pidduck  ;  this  gives: 

5  =  1.512  +  0.000023  /7  (6  =  1.512  +  0.00000161  p)  (10.13) 

6    =  specific  gravity  of  cane  fibre  under  a  pressure  p 

p    =  pressure  to  which  the  fibre  is  subjected,  in  kg/cm2  (tons/sq.in.) 

The  value  of  1.512  is  given  with  a  precision  of  ±  0.01. 

At: 


Atmospheric  pressure:  6  =  1.512 

100  kg/cm2  (1,400  p.s.L):  5  =  1.514 
500  kg/cm2  (7,000  p.s.L):       5  -  1.523 


There  will  be  no  significant  error  if  we  adopt  a  figure  of  1.52  for  fibre  under  pressure  in  a 
mill. 


B.  Juice.  In  Java  it  was  considered  that  the  liquid  fraction  of  the  cane  consisted  of  (a)  juice 
proper,  of  variable  density;  (b)  water  of  constitution  or  hygroscopic  water,  which  is  practical- 
ly pure  water  or  at  least  of  very  low  brix;  this  is  closely  associated  with  the  fibrous  material, 
and  even  the  highest  pressures  cannot  separate  if  from  the  fibre.  It  was  estimated  that  this 
water  of  constitution  amounted  to  25%  of  the  weight  of  fibre;  others  estimated  20%.  Tests 
made  by  Van  der  Pol  in  South  Africa  had  given  approximately  30%  but  have  later9  been  cor- 
rected to  20%.  This  proportion,  moreover,  varies  in  the  course  of  the  season.  If  we  adopt 
a  value  of  20%,  the  no-void  volume  of  a  kilogram  of  cane  or  bagasse  would  have  the  value: 

y  +  +  (10.14) 

0      1  .S^,     1  dj 

Vo  =  specific  no-void  volume  of  cane  or  bagasse,  in  dmVkg  (for  cu.ft./lb.  x  0.016) 
/    =  fibre  per  unit  of  cane  or  bagasse 

dj=  density  of  juice  (or  of  mixture  of  juice  and  imbibition  water). 
This  may  be  written: 
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<T  =   -  -  -  0.86  /  (10.15) 

d,     \  d,  I 


The  density  of  juice  djg  under  atmospheric  pressure  being  known,  its  density  flounder  a 
pressure  p  (kg/cm2  or  lb./sq.in.)  has  approximately  the  value: 

dj  =  dJo(l  +  0.00004/?)     {dj=  dJo{\  +  0.0000028  p)  (10.16) 

Or,  with  sufficient  accuracy  for  juice  under  pressure  in  the  mill: 

dj=   1.01  dJa  (10.17) 

Consider  first  the  case  of  cane:  djg  =  1.07-  1.09,  say  approximately  1.08;  /  = 
0.10-0.15: 

v 

Minimum:  V0  =  ~   I  —  —  -  -  0.86)0.15  =  0.874  or:   d  =  1.144 

1.09  X  1.01     V  1.09  x  1.01  I  dc 

Maximum:  V0  =  1   (  L2°  —  -  0.86 1 0.10  =  0.901   or:  d  =  1.110 

1.07x  l.Ol  '\1.0Tx'r.Ol  '       /  c 

dc  =  no-void  density  of  cane  under  pressure:  no  significant  error  will  be  involved  if  we  adopt 
dc  =  1.12  kg/dm3  (70  Ib./cu.ft.). 
Consider  now  the  case  of  first  bagasse:  d  =   1.06-  1.08;/  =  0.30-0.36: 

Minimum:  V0  =   (  —         -  0.86)0.36  =  0.830  or:   dR  =  1.204 

1.08  X  1.01      1 1.08  X  1.01  /  B 

Maximum:  V0  =  1   I   —   0.86(0.30  =  0.856  or:  cL>=  1.169 

1.06x1.01  \f.06x  l.Ol     /  m 

dg  =  no-void  density  of  bagasse  under  pressure. 
For  a  final  mill:  d  =   1.01-1.02;/  =  0.46-0.54: 

v 

Minimum:  V0  =  1  -I  —         -  0.86  1  0.54  =  0.806  or:   dm  =  1.241 

i.02  x  1.01    vi.orx-r.or       /  m 

/  20 

Maximum:  V0  =   0.86)0.46  =  0.835   or:   dB  =  1.198 

1.01  x  1.01   \i.or  x  l.oi        /  BB 

Note:  The  above  densities  are  given  in  kg/dm3;  for  conversion  to  lb.  per  cu.ft.  they  should 
be  multiplied  by  the  density  of  water  (62.4  Ib./cu.ft.). 
It  is  seen  that  the  density  of  the  bagasse  is  of  the  order  of  1.20  kg/dm3  (75  Ib./cu.ft.). 


Fibraque 

The  Dutch  workers  in  Java  considered  the  sum  of  fibre  and  water  of  constitution  as  a  com- 
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pound  which  could  not  be  separated  mechanically,  since  mills  were  not  able  to  effect  that 
separation.  They  called  this  combination  "natural  fibre".  We  shall  at  times  adopt  this  con- 
cept but,  to  avoid  any  confusion,  we  shall  give  this  combination  the  name  of  "fibraque", 
signifying  fibre  plus  water. 

As  a  general  rule  we  shall  suppose  that  the  weight  of  fibraque  represents  1.2  times  the 
weight  of  dry  fibre. 

Fibre  loading 

We  shall  use  the  term  "fibre  loading"  to  designate  the  weight  of  fibre  per  unit  area  described 
by  one  of  the  mill  rollers.  We  have: 

g  =  Af  =  Af  (10.18) 
H       S      60  irnDL 

q  =  fibre  loading,  in  kg/m2  (lb. /sq.ft.) 

A  =  crushing  rate,  in  kg/h  (lb./h) 

/  =  fibre  per  unit  of  cane 

5  =  area  described  by  a  generatrix  of  the  top  roller  in  1  hour,  in  m2  (sq.ft.) 

L  =  length  of  rollers,  in  m  (ft.) 

D  =  mean  diameter  of  rollers,  in  m  (ft.) 

n  =  rotational  speed  of  rollers,  in  r.p.m. 

The  fibre  loading  varies  greatly.  A  mean  order  of  magnitude  would  be,  for  example:  q  = 
12  kg/m2  (2.5  lb. /sq.ft.).  However,  as  we  have  seen  (p.  125),  the  layer  of  cane  or  of  bagasse 
should,  other  things  being  equal,  be  proportional  to  the  roller  diameter.  Since  the  fibre 
loading  itself  is  proportional  to  the  thickness  of  the  bagasse  layer,  it  follows  that,  in  order 
to  compare  the  loading  of  two  mills  of  different  roller  diameters,  that  is  to  say  the  work 
which  is  required  of  them,  it  is  necessary  to  relate  the  fibre  loading  to  the  diameter.  Hence 
the  concept  of  "specific  fibre  loading": 

n 

Specific  fibre  loading:    r  =  -  (10.19) 

T  -  specific  fibre  loading  in  kg/mVm,  i.e.  in  kg/m3  (lb./cu.ft.). 

The  specific  fibre  loading,  obviously  less  variable  than  the  fibre  loading,  is  of  the  order 
of  16  kg/m3  (1  lb./cu.ft.). 

Apparent  volume 

The  apparent  density  of  cane,  including  voids,  corresponding  to  the  apparent  volume  which 
it  occupies  on  the  carrier  or  at  the  entry  to  the  mill,  under  zero  pressure,  depends  on  the 
degree  of  preparation.  Murry9a  gives  as  a  close  approximation: 

Fine  Medium  Coarse 

do        0.660  (41.2)    0.634  (39.6)    0.548  (34.2)  kg/dm2  (lb./cu.ft.) 
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It  is  thus  of  the  order  of  0.6. 

It  is  valuable  to  know  the  apparent  volume  of  the  cane  or  the  bagasse  as  presented  to  the 
mill,  since  the  lower  this  volume,  the  more  the  feeding  of  the  mill  is  facilitated.  In  order  to 
measure  this  apparent  volume,  we  shall  make  use  of  the  "compaction  coefficient",  which 
we  shall  define  as  follows: 

Compaction  coefffcxent  =  /  =  Wei§ht  °f  flbre  (10.20) 

total  apparent  volume  of  the  material 

expressed  as  kg/dm3  (lb./cu.ft.). 

This  coefficient  is  of  the  order  of  0.08-0.09  kg/dm3  (5-6  lb./cu.ft.)  for  cane  and  for 
bagasse,  in  the  absence  of  forced  feeding.  It  is  independent  of  the  moisture  content.  It  has 
been  demonstrated  in  Australia10  that  it  remains  practically  unchanged  whatever  the  imbibi- 
tion, except  at  the  first  addition  of  water,  which  causes  a  slight  compaction  of  4%.  With  in- 
creasing imbibition  it  varies  by  less  than  2%  when  the  imbibition  per  cent  fibre  varies  between 
limits  as  wide  as  88  to  454,  which  are  far  below  and  above  normal  industrial  values. 

This  coefficient  could  be  defined  as  the  ratio  of  volume  of  fibre  to  the  total  apparent 
volume,  thus  obtaining  a  dimensionless  coefficient,  which  is  desirable.  This  would  be  simply 
our  coefficient  t  divided  by  the  density  of  fibre;  but  the  advantage  of  the  coefficient 
weight/volume  (eqn.  (10.20))  is  that  the  weight  of  fibre  is  readily  obtained,  whereas  the 
volume  would  necessitate  the  additional  step  of  division  by  1.52  for  metric  units,  95.0  for 
British  units;  moreover,  the  weight  of  fibre  represents  approximately  the  volume  of  fibre  plus 
water  of  constitution,  or  in  other  words,  the  volume  of  fibraque.  It  would  represent  this  ex- 
actly if  the  water  of  constitution  amounted  to  34%  of  the  fibre.  Since  the  water  of  constitu- 
tion cannot  be  extracted,  this  volume  could  be  considered  as  the  ideal  minimum  to  which  the 
mills  should  be  able  to  reduce  the  material  presented  to  them.  Actually,  this  ideal  is  still 
beyond  the  capability  of  actual  mills. 

Thus  in  expressing  t  as  weight  per  unit  volume,  we  have  in  effect  the  practical  equivalent 
of  a  dimensionless  coefficient,  representing  in  our  opinion  practically  a  ratio  of  volume  per 
unit  volume. 

Fibre  index 

Another  quantity  necessary  for  the  study  of  milling  work  is  the  quantity  of  fibre  which  can 
be  made  to  pass  through  the  delivery  opening  of  a  mill.  For  this  purpose  the  weight  of  fibre 
passed  through  the  opening  in  unit  time  is  related  to  the  volume  generated  by  that  opening 
when  operating,  in  the  same  unit  of  time.  This  ratio  thus  bears  a  certain  relationship  to  the 
compaction  coefficient;  both  expressions  have  the  same  numerator,  expressed  in  a  ratio,  in 
the  former  case  to  the  volume  before  pressure  is  applied,  and  in  the  second  case  to  the 
theoretical  volume  under  pressure.  As  we  have  seen  (p.  135)  that  fibre  is  almost  incompressi- 
ble, the  quantity  of  fibre  which  can  be  passed  through  the  mill  will  depend  mainly  on  two 
factors:  (1)  the  quantity  of  juice  which  will  pass  through  with  it;  the  less  juice,  the  more  space 
for  fibre;  (2)  the  re-absorption  factor;  the  higher  this  factor,  the  more  fibre  will  pass  through 
a  given  opening. 

The  fibre  index,  or  weight  of  fibre  per  unit  escribed  volume,  is  defined  as: 
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.   ,         ^      wt'.ght     fjJwt  ^as^Athrruu^^Ke^ opening  ,  ., 

Fibre  index  =  0  =  — -  ^3-^  z^^f   (g/dm3)  (f0.2f) 

eTScriTOtf  vOTtrrrre  of  rrre-  opening 

In  British  units  it  is  expressed  as  Ib./cu.ft. 

This  coefficient,  generally  applied  to  the  delivery  opening  of  a  mill,  can  equally  well  apply 
to  the  feed  opening.  At  the  delivery,  it  varies  for  example  from  400  to  880  g/dm3  (25  to  55 
lb./cu.ft.).  It  increases  along  the  milling  train,  being  minimal  at  the  first  mill  and  maximal 
at  the  last  mill. 

In  order  to  show  better  the  significance  of  this  figure,  we  may  recall  that  first-mill  bagasse 
of  32%  fibre  contains  320  -f  0.86  =  372  g  of  fibre  per  dm3  of  no-void  volume  (23  lb./cu.ft.); 
and  that  a  final  bagasse  of  55%  fibre  contains  500/0.82  =  610  g  of  fibre  per  dm3  of  no-void 
volume  (38  lb./cu.ft.).  The  differences  between  the  fibre  index  and  these  figures  are  due  to 
the  re-absorption  factor. 

When  expressed,  like  the  compaction  coefficient,  in  kg/dm3,  the  fibre  index  can  also,  for 
the  same  reasons,  be  thought  of  as  representing  a  ratio  of  volume  to  volume:  the  ratio  of 
volume  of  fibraque  to  escribed  volume.  It  is  similar  in  this  sense  to  a  dimensionless  coeffi- 
cient, and  thus  represents  the  ratio  of  non-extractable  volume  to  escribed  volume  and  thus 
expresses  the  effort  of  compression  exerted  by  the  mill  on  the  material.  As  it  represents  in 
this  way  a  ratio  of  volume  to  volume,  it  is  therefore  in  general  lower  than  1,  except  in  the 
case  of  high  re-absorption. 

Compression  ratio 

The  principal  factor  which  determines  the  extraction  in  a  mill  is  the  degree  of  compression, 
i.e.  the  decrease  in  volume  to  which  one  subjects  the  material  from  which  the  juice  is  to  be 
extracted.  In  the  absence  of  a  convenient  means  of  measuring  the  re-absorption  factor,  the 
apparent  decrease  in  volume  is  measured,  and  this  is  expressed  by  the  "compression  ratio" 
introduced  by  Bullock: 

c  _  no-void  volume  of  the  material  entering  the  mill  (10  22) 

volume  available  for  the  compressed  material 

The  compression  ratio  of  a  mill,  or  more  precisely  the  compression  ratio  corresponding 
to  the  passage  of  the  material  between  two  rollers  (for  compression  ratio  may  be  applied 
either  to  the  feed  opening  or  the  delivery  opening),  is  the  maximum  value  assumed  by  this 
ratio  c  in  the  course  of  the  passage  through  the  mill,  i.e.  the  value  corresponding  to  the  open- 
ing in  the  axial  plane.  We  shall  designate  this  by  cA: 

no-void  volume  of  material  entering  the  mill 

c  — -  -  (iU.zj) 

volume  generated  by  the  opening  between  the  rollers 

The  compression  ratio  is  really  of  interest  only  for  a  first  mill,  which  receives  cane  of  a 
density  which  is  well  known.  For  the  other  mills,  and  even  for  the  first,  the  fibre  index  is 
more  useful  since,  even  in  a  first  mill,  the  performance  and  the  delivery  opening  depend  less 
on  the  volume  of  material  presented  than  on  the  fibre. 
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Opening  between  rollers 

There  are  two  openings  between  mill  rollers  which  are  of  interest;  in  other  words,  two  spaces 
corresponding  to  particular  generatrices  of  each  of  these  two  rollers: 

(a)  First,  the  opening  in  the  axial  plane  of  the  two  rollers,  which  we  shall  designate  briefly 
as  "axial  opening".  If  this  opening  has  a  value  eA,  the  value  which  is  interesting,  and  which 
will  express  whether  the  mill  opening  is  large  or  small,  is  the  ratio: 


(10.24) 


as  will  be  immediately  understood  by  a  reference  to  Fig.  10.8  and  to  the  considerations  of 
p.  126.  In  other  words,  a  mill  with  rollers  50  cm  (20  in.)  in  diameter,  for  example,  with  an 
opening  ?a  -  12.5  mm  (3  in.),  is  open  to  the  same  extent  as  a  mill  with  100-cm  (40-in.) 
diameter  rollers,  with  opening  eA  =  25  mm  (1  in.).  Both  of  these  have  the  same  value  eA 
=  0.025. 

We  shall  designate  this  ratio  eA  by  the  term  "specific  opening  of  the  mill". 
(b)  Secondly,  the  opening  in  the  vertical  neutral  plane  (cf.  p.  132).  We  shall  designate  this 
opening  by  eN  and  we  shall  be  interested  in  the  same  way  or  particularly  in  the  value: 

eN  =  -j  (10.25) 

If  we  recall  that  the  neutral  plane  is  that  in  which  the  material  has  the  same  mean  speed 
as  the  surface  of  the  rollers,  we  see  that  it  is  the  space  eN  which  permits  us  to  calculate  very 
simply  the  volume  of  cane  or  bagasse  passing. 

There  is  a  very  simple  relation  between  these  two  openings: 

eN  -  r  eA     or:         -  r  eA  (10.26) 
which  is  essentially  the  definition  of  r  (cf.  eqn.  (10.12)). 
Position  of  neutral  plane 

It  is  interesting  to  know  the  position  of  the  neutral  plane.  We  shall  fix  it  by  the  angle  v  bet- 
ween the  corresponding  radius  of  the  roller  and  the  axial  plane  (Fig.  10.16)  and  will  adopt 
the  method  of  calculation  of  Murry".  Let  us  consider  a  point  P  of  the  top  roller  and  the 
corresponding  point  Q  on  the  lower  roller.  Let  the  angle  YOP  =  0.  The  thickness  h  (=  PQ) 
of  the  layer  of  bagasse  at  this  point  has  the  value: 

h  =  D  (1  -  cos  9)  +  eA  (10.27) 

or: 


h  =  D  (1  +  e,  -  cos  d) 


(10.28) 


Let  v  be  the  peripheral  speed  of  the  rollers  and  u  the  mean  speed  of  the  material  passing 
through  the  mill,  that  is,  such  material  as  remains  after  the  delivery,  excluding  the  juice  ex- 
tracted by  the  two  rollers  which  passes  neither  the  neutral  plane  nor  the  axial  plane.  Let  VB 
be  the  volume  of  this  material.  At  the  point  P,  we  have: 


u  =        =      (10.29) 

Lh      LD  (1  +  tA  -  cos  $ 


L  =  length  of  the  rollers. 
But: 


VB  =rVE    (cf.  eqn.  (10.12)) 

=  volume  generated  by  the  axial  opening. 
>r: 


Or: 

VB  =  r  eA  vL  (1(U0 

Hence: 

reA  vL  reAv 

u  =    -  =    -  (10.31) 

LD  (1  +  eA  -  cos  9)      1   +  eA  -  cos  6 

The  horizontal  component  of  the  roller  speed  has  the  value  v  cos  G.  The  position  of  the 
neutral  plane  will  be  given  by  the  value  of  0  which  we  shall  call  v  at  the  neutral  plane,  for 
which: 


rtAv 


V  COS  V  =  u  = 


1   +    6a   -   COS  V 
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or: 


Hence: 


r  eA 

COS  V  =    

1  +  e    —  cos  v 


cos2  v  -  (\  +  eA)  cos  v  +  r  eA  =  0 


1  +  tA         //l  +  eA\i 
cos  v  =  +  J\    -2  —  I  -  reA  (10-32) 


Giving  typical  values  to  eA  and  r,  we  obtain  Table  10.1. 

TABLE  10.1 


VALUES  OF  COS  V  AND  V 


r                             0  O .  O  1   0.02  0.05 

1                                 COS  V  =  1  COS  V  =     1  COS  V  =    1  COS  V   =  1 

v  =  0  p=0  ,/=0  v  =  0 

1.2                  cos  ^  =  1  cos  v  =  0.998  cos  v  =  0.996  cos  v  =  0.989 

p  =  0  v  =  3°  39'  v  =  5°  il  1         ^  =    8°  2]  ' 

1.5                    cos  v  =  1  cos  P  =  0.995  cos  v  =  0.990  cos  v  =  0.973 

p  =  0  P  =  5°  47'  p  =  8°  14'  p  =  13°  22' 


Compression  (Hugot) 

In  our  first  edition,  we  had  expressed  the  degree  of  compression  effected  by  the  mill  by  adop- 
ting the  definition: 

eA 

"Compression"  =  C  =  -  -  (10.33) 

H 

C  =  maximal  theoretical  compression  undergone  by  the  bagasse  in  its  passage  through  the 

axial  plane  of  the  mill 
eA  =  opening  between  the  rollers,  in  the  axial  plane 
H  =  thickness  of  the  layer  of  material,  before  entry  to  the  mill. 
We  know  now  that  the  true  compression  is  only: 
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The  graph  of  theoretical  compression  had  been  established  from  Noel  Deerr's  experiments 
on  static  compression  of  bagasse,  based  on  a  compaction  coefficient  of  0.07  kg/dm3  (4.4 
Ib./cu.ft.). 

This  "compression"  was,  therefore,  except  for  a  numerical  coefficient,  the  inverse  of 
Bullock's  "compression  ratio".  The  numerical  coefficient  is  involved  because  our  figure  was 
based  on  the  loose  bagasse,  as  the  starting  point  for  Deerr's  experiments,  corresponding  to 
a  pressure  of  77  g/cm2  (1.1  lb./sq.in.)  and  a  compaction  coefficient  t  of  0.07  kg/dm3  (4.4 
Ib./cu.ft.),  whereas  the  compression  ratio  is  based  on  the  no-void  volume  of  the  material  (t 
=  0. 12-0. 16  kg/dm3  (7  -  10  Ib./cu.ft.)  for  cane  (0.40  -  0.60  kg/dm3,  (25  -  38  Ib./cu.ft.)  for 
bagasse)  (cf  p.  143). 

Relationships  between  the  various  coefficients 

1.  Fibre  index     We  have  (cf  eqns.  (10.18)  and  (10.21)): 

S  SeA 

whence: 

<t>  =  ^  =  ^  =  ^  (10.35) 

eA        eA  eA 
1) 

(j>   =  fibre  index,  in  kg/m3  (Ib./cu.ft.) 

q   =  fibre  loading,  in  kg/m2  (lb. /sq.ft.) 

T   =  specific  fibre  loading,  in  kg/m3  (Ib./cu.ft.) 

eA  =  °Penmg  between  rollers,  in  m  (ft.) 

eA  =  specific  opening  =  eA/D 

D  =  diameter  of  rollers,  in  m  (ft.). 

Let  us  follow  the  cane  along  the  mills.  Let  B  be  the  weight  of  bagasse  leaving  a  mill  and 
/'  the  fibre  content  of  the  bagasse.  Writing  that  the  weight  of  fibre  remains  constant,  we 
have: 

Bf  =  Af  B  =  A  (10.36) 

B   =  weight  of  bagasse  leaving  one  of  the  mills,  in  kg/h  (lb./h) 
/'  =  fibre  per  unit  weight  of  this  bagasse 
A   =  crushing  rate  of  the  mills,  in  kg/h  (cane)  (Ib./h) 
/    =  fibre  content  per  unit  of  cane. 
But  we  have  (eqn.  (10.18)): 
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whence: 


Bf'=qS  B  =  "  *  (10.37) 

Moreover,  in  the  delivery  (or  feed)  opening  of  the  mill: 

B  =  r  VEdB  -  r  eA  SdB  (10.38) 

r    =  re-absorption  coefficient 

VE=  volume  generated  per  hour  by  the  opening,  in  mVh  (cu.ft./h) 
dg-  density  of  the  compressed  bagasse,  in  kg/m3  (lb./cu.ft.) 
S  =  area  described  (escribed  area)  by  the  top  roller,  in  mVh  (sq.ft./h) 
eA  -  opening  between  rollers,  in  m  (ft.). 
Hence,  by  eqns.  (10.38)  and  (10.37): 


B  qz> 

Hence  from  eqn.  (10.35): 


e    .   J!   Jl„  (10.39) 

A      rSdB     rf  SdB    rf>  dB 


0  =  rf'dB  (10.40) 

Equation  (10.39)  will  be  useful  in  problems  of  mill  settings  (cf.  p.  208);  it  permits  calcula- 
tion of  the  opening  eA  when  the  re-absorption  coefficient  is  known,  the  three  other  quan- 
tities q,  f  and  d B  being  given  by  the  chemical  control  or  being  readily  calculated. 

It  is  seen  by  eqns.  (10.35)  and  (10.39)  that,  for  the  same  crushing  rates  of  the  mill,  the  axial 
opening  eA  is  inversely  proportional  to  the  fibre  index  <f>: 

eA  =  ~  (10-41) 

0 

2.  Compression  (EH).  In  the  same  way,  we  have  {cf.  eqns.  (10.20)  and  (10.33)): 

t    =  compaction  coefficient,  in  kg/m3  (lb./cu.ft.) 

VA~  total  apparent  volume  of  the  material  entering  the  mill  (m3). 
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Hence: 


It  must  be  kept  in  mind  that  C^assumes  t  =  0.07  kg/dm3  (4.4  lb./cu.ft.).  We  have  then*: 

0  n7      0.07  eA  eA        /  a  a  eA  eA\ 

CFH  =  UlU7  =   =  0  07  A        ' .„=  4l4  =  4  4  _  =        -  (10.42) 

EH        <t>  q  T         \  <t>  q  T  I 

CEfi  =  "compression",  starting  from  a  material  of  compaction  ratio  t  =  0.07  kg/dm3  (4.4 
lb./cu.ft.). 


3.  Compression  ratio  CA  (Bullock).  The  compression  ratio  of  Bullock  is  applicable  mainly 
to  cane,  at  the  first  mill.  We  have: 

A  A 

no-void  volume  of  material  entering  the  mill  _    uc  uc 


VE  s  eA  AF 

Q 


or: 


CA  =  ^_  /-  ?*»\  (10.43) 


or: 


4.  Fibre  index  and  compaction  coefficient.  We  have: 


weight  of  fibre  t        weight  of  fibre 


total  apparent  volume  of  material  escribed  volume 
hence: 

<j>  -  total  apparent  volume  of  material  entering  the  mill  _  ^4 

t                           escribed  volume  VE 


(10.45) 


*  Nomenclature,  p.  175. 
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Static  compression 

Let  us  consider  a  certain  quantity  ofloose  bagasse,  i.e.  not  compressed  and  in  the  condition, 
for  example,  in  which  it  arrives  at  one  of  the  later  mills  (Fig.  10.17a).  Its  apparent  density, 
i.e.  the  weight  per  unit  volume  in  bulk  of  this  material,  does  not  have  a  definite  value, 
because  it  depends  on  the  quantity  of  water  contained  in  the  bagasse,  or  absorbed  by  it.  If 
we  add  water,  for  example  by  applying  it  to  the  bagasse  by  means  of  a  spray,  the  volume 
is  hardly  changed,  but  the  weight  will  become  increased  by  the  quantity  of  water  applied. 
The  bagasse  has,  in  effect,  much  [ike  a  sponge,  a  great  ability  to  absorb  water:  about  5-10 
times  its  dry  weight. 


H 


Fig.  10.17.  Compression  of  the  bagasse. 


But  there  is  one  property  which  does  not  vary  much  in  the  loose  bagasse,  in  its  condition 
as  it  reaches  the  later  mills.  This  is  the  weight  of  fibre  which  it  contains  per  unit  of  volume. 
This  weight  is  approximately  65  kg/m3  (4  lb./cu.ft.). 

If,  on  this  loose  bagasse,  we  apply  a  gradually  increasing  pressure  (Fig.  10. 1 7b),  its  volume 
will  decrease,  rapidly  at  first,  more  slowly  later.  We  use  the  term  "compression"  for  the 
ratio: 

c  =  ~  (10.46) 

of  the  volume  of  the  compressed  bagasse  to  that  of  the  loose  bagasse. 

The  volume  of  the  compressed  bagasse  has  a  value  which  is  rather  more  precise  than  that 
of  the  loose  bagasse.  All  the  reasoning  which  follows  will,  however,  be  based  on  this  volume 
of  loose  bagasse,  rather  inaccurately  measured,  as  at  the  starting  point  before  pressure  is  ap- 
plied: it  will  thus  be  easier  to  grasp,  and  less  abstract.  But  it  will  be  understood  that,  in  prac- 
tice, when  it  is  necessary  to  transpose  our  arguments  or  our  theoretical  calculations  into 
figures,  this  will  always  be  done  on  the  basis  of  the  weight  of  fibre  per  unit  volume,  which 
is  the  only  definite  value. 

The  relationship  moreover  is  simple.  Let: 
S  =  area  of  bagasse  involved, 

/    =  weight  of  fibre  per  unit  volume  of  loose  bagasse, 

t'  =  weight  of  fibre  per  unit  volume  of  compressed  bagasse, 

and  remembering  that  the  weight  of  fibre  is  the  same  before  and  after  compression: 


SHt  =  Sht' 
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whence: 

h  -  _L 

h  r 

We  have  then: 

c  =  *  -  -/T  (,047) 

In  other  words:  the  compression  of  the  bagasse,  or  the  ratio  of  the  thickness  of  compressed 
bagasse  to  that  of  loose  bagasse,  may  equally  well  be  measured  by  the  ratio  of  weight  of  fibre 
per  unit  volume  of  loose  bagasse  and  compressed  bagasse. 

TABLE  10.2  TABLE  10.3 


EXPERIMENT  BY  DEERR:  RELATION  VALUE  OF  THE  EXPONENT  IN  EQN.  (10.48)  AND  VALUE  OF  THE 

BETWEEN  THICKNESS  OF  A  LAYER  OF  "COMPRESSION"  OF  THE  BAGASSE,  AS  FUNCTIONS  OF  THE 

BAGASSE  AND  THE  PRESSURE  EXERTED  PRESSURE 


Pressure   (kg /cm2) 

Compression 

Pressure  (kg/cm1) 

Exponent 

Compression 

0.077 

100 

1 

2.51 

0.5432 

0.429 

68.2 

2 

2.515 

0.4116 

0.780 

57.7 

4 

2.54 

0.3087 

1.132 

50.7 

6 

2.58 

0.2591 

1.483 

44.8 

8 

2.64 

0.2275 

1.835 

40.8 

10 

2.70 

0.2059 

2.186 

39.3 

12 

2.78 

0.1888 

2.538 

36.2 

15 

2.92 

0J697 

2.889 

33.6 

20 

3.18 

0.1483 

3.241 

31.8 

25 

3.46 

0.1347 

3.592 

30.3 

30 

3.73 

0.1255 

3.944 

29 

35 

3.99 

0.1190 

5.835 

24.1 

40 

4.22 

0.1142 

11.389 

18.5 

45 

4.425 

0.1105 

23.269 

14.7 

50 

4.605 

0.1076 

33.744 

11.6 

60 

4.90 

0.1032 

45 

11.4 

70 

5.115 

0.1000 

49.4 

11 

80 

5.28 

0.0975 

83.9 

10.2 

90 

5.405 

0.09545 

112 

9.2 

100 

5.503 

0.09373 

168 

8.56 

120 

5.638 

0.0909 

224 

8.12 

150 

5.76 

0.0876 

279.2 

7.9 

200 

5.86 

0.0836 

335.9 

7.68 

250 

5.91 

0.0806 

391.9 

7.46 

300 

5.937 

0.0783 

447.7 

7.25 

400 

5.964 

0.0747 

503.8 

7.02 

500 

5.977 

0.072 

559.5 

6.91 

600 

5.984 

0.070 

615.6 

6.80 

700 

5.988 

0.0681 

727.4 

6.70 

800 

5.991 

0.0666 

839.4 

6.58 

900 

5.993 

0.0653 

1.000 

5.994 

0.06417 
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Relation  between  pressure  and  compression 

Evidently  there  exists  a  relationship  between  the  compression  of  the  bagasse  and  the  pressure 
exerted  to  accomplish  it.  Noel  Deerr  made  a  study,  now  old,  but  so  far  a  standard  work,  of 
this  relationship.  He  has  not  made  a  complete  mathematical  study  of  it,  though  this  is  pro- 
fitable. Bullock12  has  repeated  these  experiments  in  greater  detail,  and  has  verified  his  con- 
clusions. These  experiments  of  Noel  Deerr  have  the  disadvantage  that  they  were  made  under 
static  pressure  conditions,  by  means  of  a  piston  acting  on  bagasse  placed  at  the  bottom  of 
a  cylinder;  the  juice  thus  could  not  escape  in  the  same  manner  or  in  the  same  direction  as 
with  bagasse  subjected  to  pressure  in  the  nip  of  two  rotating  rollers.  It  is  therefore  necessary 
to  relate  the  results  of  Deerr  to  those  obtained  in  industrial  practice;  however,  they  do  pro- 
vide a  useful  basis  from  which  to  commence  the  study  of  pressures  in  milling. 

We  give  in  Table  10.2  a  summary  of  the  experiments  of  Noel  Deerr.  We  have  plotted  the 
results  on  the  graph  (Fig.  10.18)  where  they  are  represented  by  the  separate  black  points. 

It  is  evident  that  at  the  beginning  a  light  pressure  is  sufficient  to  reduce  greatly  the 
thickness  of  the  bagasse.  Then,  in  the  neighbourhood  of  20  kg/cm2  (300  p.s.i.),  the  resistance 
increases  quite  abruptly,  and  higher  and  higher  pressures  are  necessary  to  obtain  a  given 
degree  of  further  compression.  Above  50  kg/cm2  (700  p.s.i.)  the  layer  of  bagasse  becomes 
less  and  less  compressible,  and  a  pressure  10  times  greater,  say  500  kg/cm2  (7,000  p.s.i.), 
reduces  the  thickness  of  the  layer  only  in  the  ratio  of  11  to  7. 

Expressed  as  a  formula,  the  relationship  between  the  pressure  exerted  on  the  bagasse  and 
the  compression  which  results,  may  be  written*. 

P  =  (o=±^}  (10.48) 

(io  cy        \     ((io  cy  i 


where 

5,800  /       c         1.17  x  106 

n  =  O  -  ~2  - — —   t  n   =  n 


pz  +  1,660         \  p2  +  335  x  103, 


p  =  pressure  exerted  on  the  bagasse,  in  kg/cm2  (p.s.i.) 
c    =  compression  of  the  bagasse,  defined  by  eqn.  (10.46). 

The  exponent  occurring  in  the  denominator  being  somewhat  complex,  we  give  in  Table 
10.3  the  values  of  this  exponent  and  of  c  for  various  values  of  p.  An  excellent  agreement  will 
be  noted  between  the  values  given  by  eqn.  (10.48)  and  the  results  of  Noel  Deerr.  The  slight 
divergences  are  due  to  experimental  errors,  as  is  evident  from  the  irregular  nature  of  the 
broken  line  which  would  be  necessary  to  join  the  points  scattered  on  one  side  or  the  other 
of  the  curve  in  Fig.  10.18. 


<'  Important  equations  are  given  in  both  metric  and  British  units. 
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Fig.  10.18.  Relation  between  pressure  and  compression  of  bagasse. 

Equation  (10.48)  is  interesting,  but  not  easy  to  handle.  Fortunately,  for  all  values  ofp  ^ 
50  kg/cm2  (700  p.s.i.)  it  may  be  replaced  with  great  accuracy  by  the  simplified  formula: 


P  = 


70 

(To  Vy 


i        1,000  \ 


(10.49) 


It  is  evident  from  the  graph  of  Fig.  10.18  that  the  curves  representing  eqns.  (10.48)  and 
(10.49)  practically  coincide  beyond  p  =  50  kg/cm2  (700  p.s.i.). 

However,  Noel  Deerr's  tests  were  done  in  the  laboratory,  under  static  conditions.  Now, 
G.  H.  Jenkins  has  shown13  that  the  pressure  required  in  a  mill  to  obtain  a  given  compression 
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c  is  appreciably  greater  than  the  static  pressure  recorded  by  Noel  Deerr  for  the  same  compres- 
sion. He  explains  this  divergence  by  the  additional  pressure  necessary  to  expel  the  juice 
through  the  layer  of  bagasse  in  the  short  interval  of  time  between  the  moment  when  the  juice 
begins  to  be  expressed  and  the  moment  when  it  passes  the  axial  plane  of  the  cylinders. 

As  we  are  interested  here  only  in  the  pressure  in  the  mills,  we  shall  make  use  of  Jenkins' 
results  to  reconcile  the  results  of  Deerr  with  industrial  practice.  The  ratio  of  the  dynamic 
pressure  in  a  mill  and  the  static  pressure  corresponding  to  the  same  compression  varies  accor- 
ding to  the  state  of  subdivision  of  the  bagasse  and  the  speed  of  expulsion  of  the  juice.  Taking 
the  average  conditions,  and  working  from  the  most  representative  points  of  Jenkins'  ex- 
periments, we  shall  take  for  mill  conditions: 


p_-J!_  (p^50-)  (10.50) 

(10  c)6  \        (10  c)6/ 


Graph  of  pressure  in  the  mill 

We  now  know  the  law  relating  pressure  and  compression.  It  becomes  of  interest  to  study  the 
behaviour  in  the  mill. 

We  shall  first  disregard  re-absorption  and  study  the  case  of  pressure  between  two  rollers, 
assuming  the  re-absorption  factor  r  =  1,  i.e.  the  case  where  the  neutral  plane  coincides  with 
the  axial  plane. 


Fig.  10.19.  Pressure  in  the  mill. 
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Let  us  consider  any  two  rollers,  which  could  be,  say,  the  rollers  of  a  crusher,  the  two  feed 
rollers,  or  the  two  delivery  rollers  of  a  mill. 
Let 

D  =  mean  diameter  of  rollers,  in  m  (ft.) 

R  =  mean  radius  of  rollers  =  D/2,  in  m  (ft.) 

H  =  thickness  of  the  layer  of  loose  bagasse  entering  the  mill,  in  m  (ft.) 
eA  =  distance  between  the  mean  surfaces  of  the  two  rollers,  measured  in  their  common  axial 
plane,  in  m  (ft.) 

X  -  distance  from  the  point  where  the  layer  of  bagasse  meets  the  roller  to  the  axial  plane 
of  the  two  rollers  (Fig.  10.19),  in  m  (ft.). 

The  calculation  of  pressure  was  done  in  the  second  edition.  It  rests  on  the  hypothesis  that 
the  layer  of  loose  bagasse  and  the  layer  of  compressed  bagasse  both  move  at  the  same  velocity 
in  a  horizontal  direction. 

M.  A.  T.  de  Boer,  engineer  with  Stork  -  Werkspoor,  has  commented  that  the  true  compres- 
sion cannot  be  measured  by  the  simple  ratio  h/H.  In  effect,  in  order  to  correspond  to  Fig. 
10, 18  and  the  experiments  of  Noel  Deerr,  it  is  necessary  that  the  material  before,  during  and 
after  compression  should  correspond  to  the  same  bagasse,  in  other  words,  to  the  same  weight 
of  fibre. 

Let  v  be  the  peripheral  speed  of  the  roller  during  unit  time  (e.g.  0.01  s),  during  which  the 
surface  advances  by  ds.  Consider  the  vertical  section  of  compressed  bagasse  between  the  ele- 
ment ds  and  the  element  ds'  symetrical  with  the  roller  O'  (Fig.  10.19).  The  section  PP' 
describes  the  volume  hLv  cos  POM  (L  =  length  of  roller).  The  compression  at  this  point 
has  the  value: 

hLv  cos  POM      h  cm"p3  /t(1/fn  , 

C  =  ttt   MM  =  TT   (and  not  h/H)  (t051)  * 

HLv  cos  AOM      H  cos  a 

designating  the  angles  AOM  and  POM  by  a  and  £?,  The  minimum  compression  thus  has  the 
value: 

C  =  (10.52) 
//cos  a 

We  require  to  know: 

(1)  The  mode  of  variation  of  the  pressure,  from  the  point  A,  where  it  is  zero,  to  the  point 
M,  where  it  is  at  a  maximum 

(2)  The  value  reached  at  M  and  corresponding  to  this  maximum 

(3)  The  resultant  of  all  pressures  on  all  sections  such  as  PP  ' ,  a  resultant  which  obviously 
must  be  equal  and  opposite  to  the  pressure  F  acting  on  the  top  roller.  (In  the  case  of  a  mill, 
the  pressure  Fis  obviously  the  r.h.p.  on  the  side  under  consideration  (cf.  p.  130.) 

(Actually,  the  pressure  exerted  by  the  bagasse  is  equal  to  the  pressure  P  increased  by  a  cer- 
tain component  of  the  weight  of  the  roller;  but  we  shall  always  neglect  this  component:  (a) 
to  avoid  complicating  the  reasoning;  (b)  because  this  component  is  small  relative  to  the 
hydraulic  pressure;  (c)  because  it  is  largely  compensated  by  the  reaction  of  the  pinions,  which 
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we  shall  discuss  later,  and  which  we  shall  neglect  in  the  same  way  (cf.  p.  166)  and  for  the 
same  reasons.) 

Value  of  the  pressure  at  any  point.  In  Fig.  10.19,  we  have: 


h  cos  jS       eA  +  2R  -  2  V  R2  -  x1     V  R2  -  x2 

C  =    u  =  u  x  p   <10-53) 

Hcos  a  H  cos  a  R 

c  =       '       1" (eA  +  2«  _  2Wi^£51  (10.54) 

For  all  values  of  x  which  are  low  relative  to  R,  we  may  replace  the  radical  by  its  develop- 
ment as  a  series  to  its  first  two  terms: 

(i  -*r  =  i  -1x  +  ?Jul»X2  -  ... 

1  1.2 

in  which  we  put  m  =    \  and  replace  x  by 


x2 


R  2 

We  then  have: 


H  cos  a 


//cos  a  (]      2^»)  +  r\ 


c  =  C  j  1  -    —  ,  +  =  C  ( 1  -        +  _  | 

\        2R2)     RHcosa  \       2R2  ReA) 


or: 


(l  +   *2  ) 

\  D2  e,  } 


c  =  C  I  I  +  — _   (10.55) 


2(D  -  eA) 

an  expression  easier  to  calculate  than  eqn.  (10.54),  and  giving  values  practically  identical  in 
the  region  close  to  MM ' ,  which  moreover  is  the  only  one  of  interest. 

This  gives  an  excellent  approximation  for  values  of  x  <  R/2.  It  is  all  the  more  admissible 
since  the  error  which  it  involves  becomes  entirely  negligible  in  regions  far  removed  from  the 
axial  plane  OO ' ,  where  it  diverges  most  from  the  correct  values,  the  corresponding  pressures 
being  infinitesimal  compared  with  those  obtaining  in  the  region  of  the  axial  plane. 

Substituting  in  eqn.  (10.50),  we  have  the  pressure  p  at  section  PP' : 
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P  = 


88 

(  10  c)6 


88 


(10  Q6     1  + 


r        2x2  (D  -  eA)-]6 


(metric  units) 


(10.56) 


We  show  (Fig.  10.20)  the  graph  of  a  mill  operating  under  the  following  conditions: 

D  =  diameter  of  rollers:  1,065  mm  (42in.) 

H  =  thickness  of  bagasse  layer  at  entry  to  rollers:      344  mm  (13j  in.) 

K  =  working  distance  between  rollers:  28  mm  (  1^  in.) 

q  =  fibre  loading:  0.168  kg/dm2  (  3.5  lb. /sq.ft.) 


The  pressure  graph  is  that  marked  r  =  1  on  Fig.  10.20.  These  conditions  correspond  to 


X'    12  cm        1  O       m_  5cm  0  X 

Fig.  10.20.  Pressure  between  the  rollers  as  a  function  of  re-absorption  coefficient  r. 
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an  s.r.h.p.  (cf.  p.  130)  of  13.6  t/dm2  (124  t./sq.ft.),  which  is  low,  but  necessary  to  envisage 
zero  extrusion. 

The  correction  based  on  the  tests  by  Jenkins  consists  of  increasing  the  pressures  in  the  ratio 
88/70;  this  relates  the  static  pressure  to  the  total  dynamic  pressure  in  a  mill,  and  arises  partly 
from  the  resistance  to  flow  of  the  juices  in  the  closed  cylinder  of  the  static  experiment.  The 
angle  a  of  which  the  cosine  appears  in  the  denominator  of  the  fraction  in  eqn.  (10.52)  also 
plays  a  part:  if  it  were  the  only  cause,  we  would  be  able  to  obtain  a  rough  idea  of  the  practical 
value  by  calculating: 

cos6  a  =  n  =  0.79545         cos  a  =  0.96258        a  =  15-16° 

This  angle  a  corresponds  to  the  moment  where  there  is  no  air  remaining  in  the  bagasse  layer 
(density  of  no-void  bagasse).  It  is  obviously  much  lower  than  the  apparent  angle  of  contact. 

The  pressures  developed  at  10,  5,  3,  2  and  1  cm  from  the  axial  plane  may  be  read  off  from 
the  ordinates  for  the  corresponding  distances  measured  from  the  axial  plane.  It  will  be 
observed  that  practically  all  the  pressure  is  exerted  in  the  5  cm  (2  in.)  preceding  the  axial 
plane. 

The  area  included  between  the  curve  and  the  x  axis  represents  the  total  pressure  (r.h.p.) 
exerted  by  the  top  roller. 

Delivery  side.  It  is  difficult  to  calculate  and  even  to  estimate  the  pressure  on  the  delivery 
side,  beyond  the  axial  plane.  The  pressure  curves  obtained  by  Murry14  would  give  15  —  40% 
of  the  pressure  on  the  feed  side.  If  we  accept  a  mean  value  of  25%,  it  will  be  necessary  to 
multiply  the  result  for  the  feed  side  (i.e.  before  the  axial  plane)  by  1.25  to  give  the  total 
pressure.  It  is  probable  that  this  factor  diminishes  in  proportion  as  the  re-absorption  in- 
creases: it  may,  for  example,  drop  from  1.30  to  1.20  when  the  re-absorption  factor  increases 
from  1  to  1.25.  In  the  absence  of  precise  data  on  this  point,  we  shall  assume  in  all  cases  a 
value  of  1.25  independent  of  the  re-absorption  factor. 

Calculation  of  the  resultant  reaction  (no  re-absorption) 

The  r.h.p.  determines  the  compression  of  the  bagasse,  this  compression  being  such  that  the 
sum  of  the  pressures  in  each  section  PP '  corresponds  to  the  r.h.p.  As  the  calculation  is  rather 
long  and  complex  we  shall  give  it  for  simplicity  in  the  metric  system  only. 

As  we  have  adopted  the  kg/cm2  as  unit  of  pressure,  let  us  consider  a  section  of  thickness 
1  cm  measured  along  the  length  of  the  cylinder  (like  a  slice  of  sausage).  Referring  this  to  Fig. 
10.19,  and  plotting  as  ordinate  (as  we  have  just  done  in  the  previous  paragraph)  the  pressure 
at  each  point  P,  the  sum  of  all  these  pressures  will  represent  the  total  reaction  exerted  by  the 
bagasse  on  the  roller,  a  reaction  equal  and  opposite  to  the  pressure  exerted  by  the  roller  on 
the  bagasse. 

Since  the  relationship  is  irreversible  on  the  delivery  side,  we  shall  limit  ourselves  for  the 
present  to  the  left-hand  side  of  the  figure  from  the  entry  of  the  bagasse  up  to  its  passage 
through  the  axial  plane. 

The  total  reaction  or  the  total  pressure/?  relative  to  the  1-cm  section  under  consideration 
has  the  value 
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=  Xpdx 


(10.57) 


p  =  pressure  at  the  point  P  on  an  element  of  area  dx(of  length  dxand  depth  1  cm). 
We  have  (in  metric  units): 


Jo H  10 


dx 


6  Jtf       r       2x2(£>  -  eA) 


(10.58) 


£>2  e. 


Value  of  X  We  require  the  abscissa  of  the  point  corresponding  to  the  entry  of  the  bagasse. 
Equation  (10.53)  gives,  for  c  =  1: 


1  =  C 


2  V  j? 2  -  x"2 


whence: 


X  = 


///(l  -  C) 


0  _  "d^-o-j 


(10.59) 


Calculation  of  the  integral.  Let 


D2  e. 


E  = 


2  (D  -  eA) 


z  = 


V  E 


(10.60) 


We  have: 


dz  = 


and: 


88 


dx 


=  88  V  g   d^ 


(10  Q6  Jo  ^    +  *2\  6      (10  C)6   Jo(z2+  1)* 


(10.61) 


Let: 


p-y  dz 
y      JO  (z2  +  l)6 


(10.62) 


The  calculation  of  this  integral  was  done  in  the  second  edition.  It  has  the  value: 


9  7  5  3  7T 
v  =  —  •  -  =  "0.3866 

10.8.6.4.2  2 
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Substituting  in  eqn.  (10.61)  and  increasing  by  25%  for  the  delivery  side,  we  have  (in  metric 
units): 


/_  DL£±  _ 
88  V  E  V  2  (D  -  eA) 

Ft  =  1.25  x  0.3866  X  —  =  42.5   -  (10.63) 

(10O6  (10  O5 

This  expression  (Fi) applies  to  a  1-cm  section  of  the  roller.  For  the  full  width  of  the  roller, 
the  r.h.p.  would  be: 


/      e~A  /  e 

42.5  LD   —  / 


A 


V  2  (D  -  eA)  V  FT  -  eA 

F  =  LFX  =   —  =  30  LD   (10.64) 

(10  Q6  (10  O6 

eA  being  small  relative  to  D,  and  this  approximation  being  minor  after  what  has  just  been 
applied  for  the  delivery  side,  we  may  write: 

30  LD  Y  eZ  I        427  LD  VT^  \ 

F  =    -    \F  =   /,  (10.65) 

(10  C)6 

F  =  total  pressure  exerted  by  the  roller  on  the  bagasse  (r.h.p.),  expressed  in  kg  (lb.) 

L  -  length  of  the  rollers,  in  cm  (in.) 

D  -  mean  diameter  of  the  rollers,  in  cm  (in.) 

eA  -  mean  opening  between  the  rollers  when  operating,  in  cm  (in.) 

eA  =  specific  opening  =  eA/D 

C  -  compression  of  the  bagasse  in  the  axial  plane  of  the  cylinders  =  ^^H. 

It  should  be  kept  in  mind  that  this  equation  gives  the  pressure  between  two  rollers,  in  the 
absence  of  re-absorption. 

Expression  for  the  compression  C  for  practical  application 

Equation  (10.65)  has  been  taken  from  the  experiments  of  Noel  Deerr.  We  have  seen,  however 
(p.  147),  the  weaknesses  of  these  experiments;  they  apply  to  a  certain  condition  of  cane,  and 
the  compression  obtained  varies  with  the  state  of  preparation  of  the  cane  or  the  fibre  content 
of  the  bagasse.  The  influence  of  preparation  is  most  evident  at  the  first  mill,  but  its  effect 
is  not  great  when  it  is  a  matter  of  standard  preparation  (e.g.  two  sets  of  knives  and  a  shred- 
der), in  spite  of  variations  in  the  effectiveness  of  these  preparators  according  to  their  power 
usage,  clearance,  etc.  On  the  other  hand,  the  effect  of  fibre  is  very  great,  and  this  is  clearly 
seen  if  eqn.  (10.65)  is  applied  from  the  first  to  the  final  mill  of  a  tandem.  By  doing  this  for 
a  number  of  tandems,  and  correcting  in  each  case  for  re-absorption  (since  we  are  still  con- 
sidering the  case  of  no  re-absorption,  where  r  =  1),  it  may  be  shown  that  the  correction  to 
be  applied  to  eqn.  (10.65)  (taken  from  the  experiments  of  Noel  Deerr)  to  adapt  it  to  the 
dynamic  conditions  of  mills,  consists  of  substituting  for  (10  Q  the  expression: 

*Adr 

Vo 
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and  to  modify  consequently  the  coefficient  of  30.  On  the  other  hand,  it  is  not  the  force  F 
which  is  of  interest:  it  is  easily  determined.  What  is  of  interest  is  the  specific  opening  when 
operating  at  eA  (or  the  opening  itself,  eA),  which  we  cannot  measure  precisely.  We  profit 
from  this  to  anticipate  the  following  calculations  and  again  alter  the  coefficient  to  obtain 
directly  the  delivery  opening  of  a  three-roller  mill  in  operation,  taking  into  account  the  nor- 
mal re-absorption  in  mill  tandems  which  serves  as  a  basis.  We  thus  write  the  equation  in  the 
form: 


tA  =  specific  delivery  opening  of  the  mill  =  — 

L  =  width  of  the  rollers,  in  dm 

D  =  mean  diameter  of  the  rollers,  in  dm 

F  =  total  hydraulic  load  on  the  top  roller,  in  kg 

Vo  =  no-void  volume  of  cane  or  bagasse,  in  dmVkg 

d  =  density  of  bagasse  under  pressure,  in  kg/dm3 

/'  =  fibre  of  bagasse  after  pressure,  relative  to  unity. 

We  do  not  give  the  formula  in  British  units  since  this  leads  to  prohibitive  and  unwieldy 
powers  of  the  terms  involved. 

This  calculation  is  equally  precise  as  that  given  later  (p.  208)  for  mill  settings,  and  which 
dispenses  with  the  figures  for  density  of  material.  It  has  the  advantage  over  that  formula  of 
taking  into  account  the  loadFthe  influence  of  which,  acting  only  to  the  root  of  5.5,  has  been 
neglected  for  mill  settings,  but  it  has  the  disadvantage  of  bringing  in  unusual  powers  of  quan- 
tities (6  and  5.5)  and  a  number  of  decimals,  which  lead  to  risks  of  computational  error. 

Maximal  pressure  and  loading  on  the  roller.  If  we  apply  eqn.  (10.50)  to  the  delivery  open- 
ing, it  gives  us  the  maximal  pressurep^at  that  point.  Taking  eqns.  (10.50)  and  (10.65),  and 
eliminating  the  compression  C,  we  obtain  the  maximal  pressure  pM: 


pM  =  maximal  pressure  in  the  axial  plane,  in  kg/cm2  (p.s.i.) 

F   =  total  load  on  the  roller  in  the  axial  plane,  in  kg  (lb.) 

L    =  length  of  rollers,  in  cm  (in.) 

D   =  mean  diameter  of  the  rollers,  in  cm  (in.) 

eA  =  delivery  opening,  in  cm  (in.) 

eA   =  eA^ wnen  r  =  I. 

Since  it  applies  only  to  the  case  of  zero  re-absorption,  which  does  not  occur  in  practice, 
this  formula  (10.67),  being  purely  theoretical,  would  not  serve  for  any  practical  determina- 
tion. 


(10.66) 


Pm  = 


(10.67) 


L  V  D  eA      LJJ\J  eA 
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Influence  of  re-absorption 

We  shall  now  consider  the  general  case,  where  re-absorption  takes  place  and  the  re- 
absorption  coefficient  r  is  greater  than  ] . 

We  shall  consider  two  rollers  crushing  bagasse.  To  facilitate  our  reasoning,  we  shall 
assume  that  it  is  a  case  of  the  same  two  rollers  as  we  have  studied  (p.  152),  treating  the  same 
bagasse  at  the  same  fibre  loading.  Commencing  from  a  condition  of  no  re-absorption,  we 
assume  that  conditions  are  altered  so  as  to  increase  the  re-absorption  coefficient  step  by  step 
without  changing  the  fibre  loading;  in  other  words,  that  we  progressively  reduce  the  delivery 
opening.  This  may  be  done  by  using  a  closer  setting  in  the  case  of  fixed  rollers  or  by  increas- 
ing the  hydraulic  load  where  hydraulics  are  in  use.  Now,  considering  the  instants  at  which 
the  re-absorption  coefficient  reaches  the  values  r  =  1.1,  1.2,  1.3,  1.5  and  2,  we  may  calculate 
foreach  case  the  position  ofthe  neutral  plane,  by  applying  eqn.  (10.32)  (cf.  p.  141).  Weassume 
now,  as  Murry15  has  concluded  from  measurements  of  actual  pressure,  that  the  pressure  in- 
creases (as  in  the  case  of  no  re-absorption)  between  the  point  of  first  contact  and  the  neutral 
plane,  that  it  then  remains  practically  constant  between  the  neutral  plane  and  the  axial  plane, 
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Fig.  10.21.  Variation  of  the  roller  load  as  function  of  re-absorption  coefficient  r. 
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and  finally  drops  soon  after  the  axial  plane,  exerting  in  all  cases  after  the  axial  plane  the  same 
fraction  of  the  total  pressure. 

We  obtain  thus  the  graphs  marked:  r  =  1.1,  1.2,  etc.  in  Fig.  10.20.  The  area  included  bet- 
ween each  of  these  graphs  and  the  x  and  y  axes  thus  gives  a  relative  value  for  the  total 
pressure  in  each  case.  Calculating  these  areas,  and  transferring  their  relative  values  (taking 
as  unit  value  that  for  no  re-absorption)  to  the  graph  of  Fig.  10.21,  we  obtain  the  graph  shown 
as  a  full  line.  We  find  that  this  curve  for  normal  re-absorption  is  very  close  to  that  shown 
dotted: 

k  =  1  +  V  r  -  1  (10.68) 

We  may  deduce  from  this  that  when  re-absorption  varies  (other  conditions  remaining  the 
same),  the  total  pressure  increases,  relative  to  that  for  no  re-absorption,  in  the  proportion 
given  by  eqn.  (10.68). 

General  value  for  total  pressure 

Considering  the  case  of  re-absorption,  we  see  that  the  expression  for  total  pressure  becomes: 

,        /  Q  dB  \  <•   

F  =    1,300  LD  \TTA  I  I    (1  +  V  r  -  1)  (metric  units)  (10.69) 

\re4f'J 

The  relative  opening  eA  occurs  in  effect  at  its  real  value,  as  is  shown  by  the  calculation 
on  pp.  154-  155,  whereas  it  is  the  opening  reA  which  occurs  within  the  brackets  at  the  6th 
power.  The  same  calculation  as  before  applies  here,  reA  having  the  value  eN  =  VB/S(cf. 
eqns.  (10.12),  (10.18),  (10.26),  p.  153).  We  have  finally: 


(10.70) 


Fig.  10.22.  Graph  of  pressure  in  the  mill. 
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or  (for  high  pressures): 

F  =  1,300  LD  V  eA  d^z(l   +  V7  -   1)  (metric  units)  (10.71) 
Empirical  relations  between  load  and  maximum  pressure 

It  is  interesting  to  compare  certain  empirical  values,  obtained  by  experiment,  with  the 
preceding  values  deduced  by  calculation,  such  as  that  given  by  eqn.  (10.67). 

Holt16  has  given  a  relation  between  the  total  pressure  F  exerted  on  the  roller  and  the  max- 
imal pressure/^  applied  to  the  bagasse  in  its  passage  between  the  neutral  plane  and  the  ax- 
ial plane  (Fig.  10.22): 

344  F 

Pm  =  Jni—Tri  (10-72) 
LD  (a  +  3.5  v) 

pM  ~  maximal  pressure  applied  to  the  bagasse  in  its  passage  through  the  opening  in  kg/dm2 
(p.s.i.) 

F    =  axial  component  of  the  total  hydraulic  load  acting  on  the  top  roller,  in  kg  (lb.) 
L    =  length  of  rollers,  in  dm  (in.) 
D    -  diameter  of  roller,  in  dm  (in.) 

a    =  angle  between  the  axial  plane  and  the  position  at  which  the  bagasse  meets  the  roller 

surface,  in  degrees 
v    =  angle  between  the  axial  plane  and  the  neutral  plane,  in  degrees. 


Normal  values  of  re-absorption 

Re-absorption  plays  an  important  role  in  the  mill,  and  the  re-absorption  coefficient  is  deter- 
mined or  calculated  only  in  a  small  number  of  factories;  however,  it  is  always  possible  to 
obtain  a  relatively  accurate  idea  of  its  value,  since  it  depends  mainly  on  two  factors  which 
are  much  more  readily  known:  speed  and  fibre  index. 
Murry17  gives,  for  a  compression  ratio  of  3,  the  regression  line: 

r  =  1.06  +  0.017  v  (r  =  1.06  +  0.0052  v)  (10.73) 

r    =  re-absorption  factor 

v   =  peripheral  speed  of  the  rollers,  in  m/min  (ft./min). 
Similarly18,  for  a  speed  of  9  m/min  (30  ft./min),  he  gives  the  regression  line: 

r  =  0.0912  cA  +  0.87  (10.74) 

which  we  shall  write,  making  use  of  eqn.  (10.44),  and  knowing  that  the  fibre  content  of  the 
cane  in  that  experiment  was  12.8: 

/      _  <t>    _  <t>\ 

(10.75) 

(r  =  O.Ol  <f>  +  0.87) 


Ck  fdc  0.141 
r  =  0.65  £  +  0.87 
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The  two  equations  (10.73)  and  (10.75)  may  be  combined  in  one: 


r  =  0.75  +  0.017  v  +  0.65  0 


(r  =  0.75  +  0.0052  v  +  0.01  0)  (10.76) 


which  gives  r  as  a  function  of  the  two  main  factors  determining  this  coefficient  (see  Comment 
1  below). 

Example.  For  a  mill  with  peripheral  speed  v  =  10  m/min  and  fibre  index  at  entry  4>e  = 
0.3  kg/dm3,  at  delivery  </>s  =  0.6  kg/dm3,  the  re-absorption  factor  would  be: 


Comment  1.  The  two  original  formulae  (10.73)  and  (10.74)  being  established  for  a  first 
mill,  the  derived  formula  (10.76)  is  probably  correct  for  first  mills,  but  there  is  reason  to  sup- 
pose that  the  constant  term  0.75  would  drop  for  other  mills  in  the  tandem,  and  would  fall 
to  the  neighbourhood  of  0.60  for  a  final  mill.  In  the  absence  of  precise  experimental  data, 
we  shall  assume  that  this  term  has  a  value: 


Comment  2.  The  foregoing  equation  would  obviously  give  only  an  approximate  figure.  It 
does  not  take  into  account  the  effect  of  a  third  factor,  which  cannot  be  neglected:  the  state 
of  preparation  of  the  material  entering  the  mill. 

Ratio  of  pressures  at  feed  and  delivery  rollers 

It  is  useful  to  know  the  relative  pressures  exerted  on  the  bagasse  at  entry  and  delivery  rollers 
of  a  mill;  in  other  words,  the  components  at  the  feed  and  delivery  rollers  of  the  total  load 
applied  to  the  mill. 

This  ratio  obviously  varies  greatly  according  to  the  condition  of  the  bagasse  entering  the 
mill,  and  particularly  the  settings  adopted  and  the  fibre  loading  at  any  instant  (relative  to 
that  for  which  the  setting  has  been  established).  To  obtain  some  idea  of  the  figures,  we  shall 
take  mean  values.  We  recommend  later  (Table  13.6)  for  a  third  mill,  a  ratio  of  1.8  between 
feed  and  delivery  openings  when  operating. 

We  shall  apply  eqn.  (10.69)  and  calculate  the  expressions  involved  in  it:  the  terms  1,300 
LD  and  q  are  the  same  at  entry  and  delivery;  using  the  ratio  of  settings  m  -  1.8,  the  values 
of  eA  and,  to  a  close  approximation,  eNat  feed  and  delivery  are  in  the  ratio  of  1.8.  We  re- 
quire further /',  dB  and  r. 

(a)  /'.  Assuming  a  fibre  in  cane  of  0.14,  an  imbibition  w  =  0.36,  a  juice  extraction  of 
3    at  the  feed  and  3  at  the  delivery  roller,  giving  a  total  j  =  0.36  and  leaving  a  bagasse  b  = 
0.30;  the  fibre  content  of  bagasse  leaving  the  feed  opening,  and  passing  over  the  trashplate, 
will  be: 


At  entry:  re  =  0.75  +  (0.017  x  10)  +  (0.65  X  0.3)  =  1.11 
At  delivery:    rs  =  0.75  +  (0.017  X  10)  +  (0.65  X  0.6)  -  1.31 


0.75  for  a  first  mill 
0.65  for  a  second  mill 
0.60  for  following  mills 


(10.77) 
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0.14 

Sf  =  0.333 

E      0.30  +  0.12  = 


and  the  fibre  content  of  bagasse  leaving  the  mill: 


rs  =  ^i4  .  0.467 
5  0.30 


(b)  dB.  The  corresponding  densities  will  be  (cf.  p.  135): 


1.20 

L03  X :  1.M  \\U0BXk  1001  "'UU//'""  ~  ""        B" ""  ~  0.864 


K0(S)  =  ----- '   -  (-    0.86  )  0.467      0.824;  dR  (S)  — —  =  1.213 

1.03  x  1.01      V  1.03  x  1.01  -        /  =  Q824 

fcj  r.  We  shall  assume  respective  re-absorption  coefficients  as  fc/  p.  160): 

r£  =  l.n     rs  =  1.31 

We  have  then: 

FS       I  1       /1.213  x  1.8  x  0.333\6  /l  +  V  0.31 


l\       (  .213  x  1.8  x  0.333\6  /l  +  V  0.31  \      n^cvcnv11^n  C1 

/ —  x    T  iro^  ^r>-r)   )  =  0.745  X  5.9  X  1.169  =  5.1 

VI.  8      \  1.158  X  l  x  0.467  /    I  l  +  V"0U  / 


Depending  on  the  setting,  the  crushing  rate,  and  the  speed,  this  ratio  may  vary  from  2  to 
8,  generally  between  2  and  4.  It  is  lower  in  the  first  mill,  where  the  ratio  between  the  two 
fibre  contents  is  higher  and  the  material  entering  the  mill  is  still  relatively  coarse,  than  in  a 
later  mill,  where  the  ratio  between  the  two  fibre  contents  is  lower. 

In  a  fairly  accurate  experiment,  made  with  strain  gauges  and  a  cathode-ray  oscillograph 
on  the  first  milll  at  la  Mare  (Bourbon),  the  ratio  Fs/FEwa$>  found  to  vary  between  l  and 
2.5,  the  lower  values  corresponding  to  lower  tonnages.  In  exceptional  cases,  the  ratio  fell 
below  l.  In  a  similar  experiment  at  another  factory  in  Reunion,  the  ratio  varied  from  3.1 
to  5.7  for  the  first  mill,  and  3.7  to  4.0  for  the  final  mill. 

Crawford19,  in  Australia,  concluded  that  the  ratio  of  delivery  and  feed  roller  pressures 
ranged  from  2  to  4  for  the  first  mill,  from  4  to  5  for  a  third  mill.  These  values  obviously 
depend  mainly  on  the  ratio  m  between  the  feed  and  delivery  openings  of  the  mill  while 
operating.  They  also  depend  on  the  place  of  the  mill  in  the  tandem. 

Polygon  of  forces 

To  demonstrate  better  the  relative  importance  of  the  various  reactions  acting  on  the  top  roller 
of  a  mill  in  operation,  let  us  set  them  out  on  a  diagram  (Fig.  10.23). 
We  shall  adopt  the  ratio  of  5  between  delivery  and  entry  pressures,  and  trace  the  polygon 
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Fig.  10.23.  Polygon  of  forces  in  the  mill. 


of  forces  acting  on  the  top  roller.  Their  directions  are  easily  ascertained;  the  t.h.p.,  F,  is  ver- 
tical. The  reaction  of  the  trashplate,  R^,  makes  a  small  angle    with  the  vertical,  of  some  10°. 

For  Fs  and  FE  we  see  from  Fig.  10.14  that  the  centre  of  pressure  (that  is,  the  centre  of 
gravity  of  the  area  included  between  the  curve  and  the  circumference  of  the  roller)  occurs 
not  in  the  axial  plane  but  at  2-3°  ahead  of  it.  By  taking: 

Fs 

FE  =  —  and      =  0.25  F 
5 

we  obtain  thus  the  polygon  indicated  in  Fig.  10.23. 

R  is  the  resultant  of  the  three  reactions  Fs,  F£and  Rb;  and  the  projection  of  R  on  the  ver- 
tical must  be  equal  to  P.  It  is  seen  that  this  resultant  will  act  at  about  15°  ahead  (on  the  feed 
side)  of  the  vertical.  This  is  the  angle  generally  adopted  by  manufacturers  who  build  mills 
with  inclined  headstocks  and  asymmetric  housings. 

We  may  comment  that,  by  projecting  on  the  vertical: 


(Fs  +  FE)  cos  —  +  Rb  cos  0  =  F 
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Putting:  FE  =  0.2  Fs,  Rb  =  0.25  F  and  commenting  that  cos  0=1,  and  cos  a/2  =  0.8, 
we  have: 

(1.2^10.8)  +  0.25  F=  F 

Hence: 

Fs  =  0.8  F  (10.78) 

which  shows  that  the  r.h.p.  on  the  delivery  side,  Fs,  is  generally  of  the  same  order  of 
magnitude  as  the  t.h.p.  acting  on  the  top  roller,  F,  but  slightly  lower. 

This  calculation  is  less  accurate,  if  it  is  assumed  that  the  reactions  are  in  the  axial  planes. 
If  we  note  on  the  diagram  that  the  reaction  Rb  should  remain  on  the  horizontal  line  hh  ' , 
we  shall  have  immediately,  from  the  graph,  all  the  values  assumed  by  Fs,  for  each  value  of 


Fig.  10.24.  Values  of  Fs  relative  to  FE. 

FE  (Fig.  10.24).  For  a  mill  of  angle  a  =  67°  (and  the  result  will  hardly  vary  for  a  different 
construction  angle)  we  find,  in  putting: 


FE  FS 

*e  =   ,-  and  6S  - 
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that: 


cf>E  =  1  -  1,07  0S 


(10.79) 


cj>s   --  0.93 


0.93  <frE 


This  gives  the  corresponding  values  shown  in  Table  10.4. 


TABLE  10.4 


When  FE  =  0.10  F 

When  FE  =  0.20  F 

When  FE  =  0.30  F 

When  FE  =  0.40  F 


0  ■  8  F  =  8  FE 
0  .  7  F  =  3  .  5  FE 
0  .  6  F  =  2  FE 
0.5  F  =  1.25  FE 


FE  +  Fs  =  0.9  F 

FE  +  Fs  =  0.9  F 

F£  +  Fs  =  0.9  F 

F£  +  Fs  =  0.9  F 


Fs  then  remains  generally  between  0.6  and  0.8  of  F,  most  often  about  0.7  F. 

We  may  comment  that  the  sum  of  FE  +  Fs  is  constant  and  equal  to  0.9  F,  and  that  the 
reaction  RH  on  the  housing  vanishes  when  FE  =  0.4  F. 

Friction  of  brasses  in  housing 

With  housings  of  standard  design,  with  vertical  headstocks,  it  is  immediately  apparent  from 
Fig.  10.23  that  the  inclination  of  the  resultant  R  involves  the  existence  of  an  important 
horizontal  reaction  RH  on  the  lateral  face  of  the  headstock,  on  the  feed  side: 


or  approximately  80  tonnes  when  F  =  400  tonnes. 

The  whole  of  this  reaction  acts  between  the  feed-side  faces  of  the  upper  brasses  and  the 
housing.  The  coefficient  of  friction  between  bronze  and  steel,  without  lubrication,  is  approx- 
imately 0.18-0.20,  and  this  friction  combines  with  that  of  the  leather  or  metallo-plastic 
packing  in  the  hydraulic  cylinder  to  oppose  the  sliding  movements  of  the  bearing  and  the 
hydraulic  piston,  that  is,  to  oppose  the  lift  of  the  top  roller. 

The  friction  of  brass  on  steel  falls  to  about  0.10  if  the  surfaces  in  contact  are  lubricated. 
It  is  of  advantage  to  ensure  that  this  lubrication  is  effective  in  order  to  facilitate  the  proper 
functioning  of  the  hydraulic  pressure. 

Certain  manufacturers  now  use  plates  of  synthetic  material  of  high  resistance  to  wear  and 
very  low  coefficient  of  friction,  placed  between  bearing  and  housing. 

In  the  same  way,  and  for  the  same  reason,  housings  with  inclined  headstocks  offer  a  great 
advantage,  which  may  be  further  accentuated  by  lubrication  or  provision  of  a  plate  of  syn- 
thetic material.  If  the  inclination  of  the  headstocks  corresponds  to  the  value  of  15°  generally 
adopted,  it  will  be  sufficient  to  provide  lubrication,  rollers,  or  plate  on  the  feed-side  face  of 
the  brass.  If  the  inclination  is  20°  or  greater,  it  will  be  of  advantage  to  so  equip  both  faces, 
feed  and  delivery  sides,  as  the  reaction  can  then  change  from  one  side  to  the  other  according 
to  settings  and  conditions. 


RH  =  Ftan  6  =  0.15-0,25  F 


(10.80) 
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Fig.  10.26.  Pinion  reaction 
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Pinion  reaction 

In  a  mill,  the  power  from  the  prime  mover  is  generally  transmitted  by  the  gearing  to  the  top 
roller.  It  is  the  latter  which  drives  the  two  lower  rollers  by  means  of  a  group  of  3  pinions 
keyed  to  the  3  roller  shafts  (Fig.  10.25). 

Owing  to  the  obliquity  of  the  flanks  of  the  gear  teeth,  the  thrust  at  the  point  of  contact 
of  two  teeth  is  not  normal  but  makes  an  angle  a  of  less  than  90°  with  the  radius  at  that  point 
(Fig.  10.26).  This  angle  a  is  generally  of  the  order  of  65°.  Fives  Cail-Babeock  reckon  70°. 
The  thrust  then  may  be  resolved  into  two  components,  the  normal  component  F  producing 
the  rotation,  and  the  radial  one  R  tending  to  lift  the  roller. 

There  results  an  uneven  condition  of  the  roller,  which  will  lift  more  readily  at  the  pinion 
end  than  at  the  free  or  pintle  end. 

In  the  effort  to  remedy  this  condition,  several  different  devices  have  been  adopted: 

1.  Double  pinions.  Rollers  have  been  provided  with  pinions  at  each  end.  This  solution  has 
the  disadvantages: 

(a)  It  is  expensive  (6  pinions  instead  of  3). 

(b)  The  effect  is  not  to  suppress  the  pinion  reaction,  but  to  apply  it  at  both  ends.  This 
would  not  be  serious,  but: 

(c)  It  does  not  ensure  a  real  equalisation  of  pressure  at  the  two  sides.  So  long  as  the  teeth 
are  not  worn,  there  is  always  one  pinion  which  momentarily  carries  more  load  than  the  other, 
and  produces  a  reaction. 


Fig.  10.27.  Mills  with  alternate  pinions. 
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(d)  Even  when  the  teeth  are  worn,  the  slightest  difference  in  the  thickness  of  the  bagasse 
layer  on  the  left  and  on  the  right  at  once  destroys  the  equilibrium,  alters  the  positions  of  con- 
tact of  the  teeth,  loses  contact  at  the  side  with  the  greater  lift,  and  causes  a  reaction  at  the 
opposite  side. 

2.  Difference  in  diameters  of  hydraulic  pistons.  Pistons  of  larger  diameter  have  been  plac: 
ed  on  the  pinion  side,  of  such  a  size  that  their  area  is  10-20%  greater  than  that  on  the  op- 
posite side.  This  is  a  barbarous  solution,  and  most  inadequate. 

3.  Alternate  pinions.  The  top  roller  carries  a  pinion  at  each  end,  and  the  lower  rollers  have 
their  pinions,  one  on  the  right,  the  other  on  the  left  (Fig.  10.27).  This  method  had  the  advan- 
tage of  permitting  a  substantial  reduction  in  the  top  angle  of  the  mill,  but: 

(a)  It  is  scarcely  elegant:  it  gives  the  impression  that  something  is  missing  from  each  side 
of  the  mill. 

(b)  It  requires  one  additional  pinion  (4  in  place  of  3). 

(c)  The  reactions  of  the  feed  and  delivery  rollers  are  very  different  (cf.  p.  161).  Their  dif- 
ference is  therefore  not  appreciably  less  than  their  sum  (6-1  is  not  much  less  than  6  +  1), 
and  one  corrects  but  a  small  fraction  of  the  divergence  existing  in  an  ordinary  mill.  It  is 
scarcely  worth  the  trouble. 

4.  Separate  sets  of  pinions.  This  solution  consists  of  driving  each  roller  by  a  separate  tail- 
bar,  the  set  of  three  pinions  being  arranged  in  the  gear  train  in  a  special  compartment  called 
the  "pinion  housing"  (Fig.  10.28). 

It  has  some  disadvantages: 

(a)  It  is  expensive  (only  3  pinions,  but  4  couplings,  2  tail-bars  and  the  pinion  housing  extra). 
However,  the  individual  tail-bars  and  couplings  are  lighter  than  the  single  tail-bar  and  the 
2  couplings  of  the  ordinary  mill. 

(b)  It  increases  by  0.3-0.6  m  (1  -2  ft.)  the  overall  width  occupied  by  the  gearing. 

(c)  It  adds  to  the  installation  by  4  plummer  blocks  and  lubricators  per  mill;  hence  a  slight 
increase  in  consumption  of  power  and  oil.  The  increase  in  power  is  compensated  many  times 
by  the  elimination  of  pinion  reaction  at  the  rollers,  but  the  slight  increase  in  oil  consumption 
remains. 

(d)  The  usual  length  of  the  tail-bars  does  not  allow  sufficient  range  of  movement  at  the 
couplings  to  permit  of  all  possible  adjustments  of  the  lower  rollers  (cases  of  extreme  settings, 
or  of  very  worn  rollers);  in  this  case  it  is  necessary  to  replace  the  ordinary  couplings  by  more 
flexible  devices  (e.g.  cardan  shafts,  cf.  p.  256). 

But  it  has  some  advantages: 

(a)  It  completely  solves  the  problem  of  pinion  reaction.  The  top  roller,  entirely  free,  floats 
at  ease. 

(b)  Like  the  preceding  solution,  it  permits  the  top  angle  of  the  mill  to  be  reduced  to  a 
minimum. 

In  fact,  the  pinions,  being  fixed  in  their  housing,  may  be  designed  with  the  ordinary  form 
of  gear  tooth,  whereas  pinions  mounted  on  the  rollers  must  be  able  to  function  with  the 
distance  between  their  centres  varying  greatly  according  to  the  settings  adopted,  the  mean 


168 


PRESSURES  IN  MILLING 


Ch.  10 


diameter  of  rollers  more  or  less  worn,  and  the  lift  of  the  top  roller  in  operation.  In  these  con- 
ditions, one  is  compelled  to  provide  these  pinions  with  very  long  teeth,  so  that  the  pitch 
diameter  is  at  {  of  the  length  of  the  teeth,  and  to  make  the  number  of  teeth  as  small  as  possi- 
ble. Hence,  the  overall  diameter  of  the  pinion  greatly  exceeds  the  mean  diameter  of  the 
rollers,  necessitating  a  high  minimum  distance  between  the  axes  of  the  two  bottom  rollers, 
in  order  to  allow  clearance  between  their  pinions. 

With  the  separate  set  of  pinions,  on  the  other  hand,  one  can  adopt  a  normal  tooth-form 
(pitch-circle  diameter  half-way  up  the  teeth),  a  greater  number  of  teeth  (23  instead  of  17,  for 
example)  and  a  very  small  clearance  between  the  ends  of  the  teeth  of  the  two  lower  pinions. 
Hence  it  is  possible  to  bring  the  two  bottom  rollers  close  together  and  in  consequence  to 
reduce  the  top  angle  of  the  mill  to  67  °,  a  value  which  could  not  be  attained  for  rollers  fitted 
with  ordinary  pinions,  except  by  means  of  alternate  pinions. 

(c)  When  the  rollers  are  replaced  or  re-shelled,  it  is  no  longer  necessary  to  remove  (or  to 
re-key)  the  pinions,  always  a  long  and  disagreeable  task.  The  shafts  are  shorter,  lighter,  and 
cheaper. 

id)  The  pinions,  being  fixed,  and  working  in  much  more  favourable  conditions,  do  not 


Fig.  10.28.  Nest  of  pinions  (Fives  Cail  -  Babcock). 
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wear  so  quickly.  Above  all,  one  is  not  obliged  to  mutilate  them  by  turning  them  down  in 
order  to  reduce  the  length  of  the  teeth  and  enable  the  mill  to  be  tightened  up,  when  the  rollers 
have  become  worn. 

(e)  The  installation  cost  is  progressively  recovered,  when  it  comes  to  buying  replacement 
rollers. 

However,  largely  on  account  of  the  expense,  this  device  is  not  widely  used. 

5.  Individual  accumulators.  The  limited  adoption  of  separate  pinions  and  tail-shafts  is  due 
probably  to  the  fact  that  the  general  adoption  of  individual  air  -  oil  accumulators  today 
allows  the  pressures  on  the  two  sides  of  the  mill  to  be  readily  balanced.  Thus  the  main  disad- 
vantages of  pinion  reaction  may  be  completely  avoided;  and  this  is  the  solution  generally 
adopted  at  the  present  day.  It  is  not  as  complete  as  the  separate  pinions,  but  is  simpler  and 
less  expensive.  The  latter  is  now  regarded  for  this  reason  as  a  luxury;  we  consider,  however, 
that  with  a  tandem  which  is  expected  to  last  20  years  or  longer,  this  luxury  would  become 
a  paying  proposition. 

Value  and  distribution  of  pinion  reaction.  Consider  the  case  of  a  mill  where  there  is  no 
correction  for  pinion  reaction,  i.e.  which  has  no  devices  such  as  double  pinions,  unequal 
pistons  or  the  other  devices  as  just  described.  This  is  in  fact  the  more  general  case.  We  require 
to  know  the  value  of  the  pinion  reaction,  and  how  it  can  be  compensated  by  means  of  in- 
dividual accumulators. 

It  will  be  seen  (p.  234)  that  the  power  taken  by  a  mill  is  of  the  order  of  P  =  0.15-0.23 
FnD  (P  =  0.65  -  1.0  FnD),  Fbeing  the  hydraulic  load  in  tonnes,  n  the  speed  in  r.p.m.  and 
D  the  mean  diameter  of  the  top  roller  in  m  (ft.),  the  power  P  being  expressed  in  kW  (h.p.). 

It  may  be  assumed  that  the  power  is  distributed  in  the  ratio  of  50%  to  the  top  roller  and 
50%  on  the  two  lower  rollers.  Although  the  latter  do  different  work  and  have  an  appreciably 
higher  pressure  at  the  delivery  roller,  tests  have  shown  that  the  power  is  distributed  approx- 
imately equally  between  them,  i.e.  in  overall  proportions  of  25%  and  25%.  Taking  a  mean 
power  P  =  0.25  FnD  h.p.,  and  giving  Fa  normal  value  F  =  250  LD  tonnes,  P  =  0.25  x 
250  LD  X  nD  =  62.5  nLD2  h.p.,  or  P  =  4.687  nLD2  kg  m/s. 

The  corresponding  couple  exerted  on  the  roller  by  the  driving  motor  is  C: 

P  =  Cco=   =  0.105  Cn 

ou 

whence: 

P 

C  =  kg  m 

0.105  «  5 

The  corresponding  force  at  this  couple  is: 

2_C_  _2P__ 
D      0.105  nD 


/'  = 


C 
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The  loads  exerted  on  the  lower  rollers  will  be: 

,       ,      0.25  x  2P     0.5  X  4.687  nLD2  „ 

f'=j2  =  -QAO^nD   =  OAOfnD         =  22'38°  LD  k§ 

If  the  angle  of  reaction  is  20°  and  the  angle  of  the  mill  is  80°,  these  two  forces  f{  and/2, 
reduced  to  their  radial  components  (Fig.  10.24),  relative  to  the  centre  of  the  top  roller,  will 
give  a  resultant  R: 

R  =  22,380  LD  sin  20°  cos  40°  x  2 

R  =  44,760  LD  x  0.342  X  0.766  =  1  1, 726  LD  kg  =   11.726  LD  tonnes 


Thus: 


R      11.726  LD 

F  ~~  ~T50LD~ 


11.726  LD  _    nnAn  „. 
R  =   F  -  0.047  F  tonnes 

250  LD 

Distribution  of  forces.  The  shaft  of  the  top  roller  acts  as  a  beam,  supported  at  two  points 
and  carrying  an  overhung  load,  the  reaction  R  of  which  is  distributed  between  the  two  sup- 
ports, i.e.  on  the  two  bearings,  causing  the  reactions  R\  and  R2;  R\  on  the  driving  side, 
directed  downwards,  and  R2  on  the  far  side,  directed  upwards  (Fig.  10.29). 

If  the  distance  between  the  centres  of  the  two  bearings  is  d  =  100  cm,  and  in  general  d i 
is  of  the  order  of  23  cm,  then  d2  is  consequently  123  cm  (d\  being  the  distance  between  the 
centre  of  the  bearing  on  the  driving  side  and  the  centre  of  the  pinion).  The  loads  on  the  bear- 
ings are  thus  given  by: 

R  =  R{  -  R2    Ridi  -  R2d2 

whence: 

i?, 

Rdx 

R2  =  =0.23  7? 

a 

whence: 

Ri  =  0.047  FX  1.23  =  0.058  F 


Rd2 
d2  -  d, 


Rdi 
d 


=  1.23  R 


R2  = 


-0.047  F  X  0.23  = 


-0.011  F 
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R 


Fig.  10.29.  Pressure  repartition  in  the  mill  housings  between  drive  and  pintle  sides. 


If  the  load  F  is  to  be  distributed  equally  between  the  two  sides  of  the  mill,  it  will  be 
necessary,  to  compensate  the  pinion  reaction,  to  exert  forces  of: 

On  the  driving  side: 

/,  =  -  +  0.058  F  =  0.558  F 

On  the  outer  side: 

fi  =  ~-  0.01 1  F  =  0.489  F  (10.81) 

If  the  load  is,  for  example,  F  =  460  tonnes,  this  will  give  f\  =  257  tonnes  and  ft  =  225 
tonnes,  or  approximately  14%  extra  on  the  driving  side. 

Mean  values  of  the  t.h.p. 

Thes.h.p.  (cf.  p.  130)  in  mills  generally  varies  from  a  minimum  of  12  t/dm2  (1 10  tons/sq.ft.) 
to  a  maximum  of  40  t/dm2  (360  tons/sq.ft.).  It  is  mostly  maintained  between  15  and  30 
t/dm2  (140  and  280  tons/sq.ft.),  generally  between  20  and  25  (180  and  220). 
For  the  fibre  loadings  generally  employed,  we  can  then  estimate  a  mean  value  of  the  t.h.p. 

as: 

F  =  250  LD  (F  =  23  LD)  (10.82) 

F  =  total  hydraulic  load  (t.h.p.),  in  tonnes 
L  =  length  of  rollers,  in  m  (ft.) 
D  =  diameter  of  rollers,  in  m  (ft.). 
Thence: 

s.h.p.  =  2  5  7  0  =  25  t/dm2  (230  tons/sq.ft.)  (10.83) 

U.l  JLJJ 
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Deadweight 

The  normal  value  indicated  above,  F  =  250  LD,  takes  no  account  of  the  other  components 
of  load  due  to  the  weight  of  the  top  roller  and  accessory  items  which  add  their  weight  to  the 
hydraulic  pressure  exerted.  This  deadweight  is  more  important  in  the  case  of  mills  such  as 
the  self-setting  mills  of  Fives  Cail  -  Babcock,  where  the  mill  caps  and  the  upper  halves  of  the 
bearings  also  exert  their  weight  upon  the  bagasse,  as  do  the  crown  wheel,  the  coupling  and 
part  of  the  tail-bar  in  all  models  of  mills  (except  those  with  the  nest  of  pinions). 

However,  if  the  hydraulic  pressure  varies  proportionally  to  LD,  the  weight  of  the  roller 
and  the  deadweight  in  general  will  be  proportional  to  LD2.  If  it  is  desired  to  take  account 
of  these  factors,  it  may  be  stated  that  the  pressure  exerted  on  the  bagasse  is  of  the  order  of 
(250  +   10  D)  LD  tonnes  (L,  D  in  m). 

Comparison  between  crushers  and  mills.  By  reason  of  the  distribution  of  the  forces  in  a 
mill,  it  may  appear  a  priori  difficult  to  compare  the  pressure  of  a  crusher  with  that  in  the 
mills.  The  t.h.p.  indeed  acts  wholly  on  the  bagasse  in  the  crusher,  while  in  the  mill  it  is 
distributed  between  the  trashplate  and  the  two  lower  rollers. 

Our  comment  (p.  163)  and  the  calculations  which  precede  it  show,  however,  that  for  a 
given  s.h.p.  and  a  given  t.h.p.,  the  pressure  exerted  on  the  bagasse  in  a  mill  is  slightly  lower 
than,  but  of  the  same  order  as,  that  in  a  two-roller  crusher. 

Variation  of  extraction  as  a  function  of  pressure  limits 

When  the  hydraulic  pressure  is  increased,  starting  from  a  low  value,  the  extraction  increases 
rapidly  at  first,  then,  when  the  s.h.p.  reaches  about  15  t/dm2  (140  tons/sq.ft.),  more  slowly. 
We  show  in  Fig.  10.30  the  changes  in  extraction  in  a  test  carried  out  at  Savanna  (Reunion) 
on  a  tandem  of  five  mills,  the  first  870  x  1,700  mm  (34  X  67  in.)  and  the  others  810  x  1,675 
mm  (32  X  66  in.),  fibre  in  cane  13.8%,  and  imbibition  1.6,  with  changes  in  hydraulic 
pressure. 

Crawford22  estimates  that  an  s.h.p.  of  31.2  t/dm2  (100  tons/ft.  for  a  42-in.  roller)  leaves 
only  a  small  margin  of  safety,  owing  to  the  internal  stresses  already  existing  due  to  the  opera- 
tion of  shrinking  the  roller  shell  onto  the  shaft. 

Specific  hydraulic  pressure 

It  was  estimated  in  Cuba  that  the  gain  in  extraction  obtained  by  the  use  of  an  s.h.p.  greater 
than  18-22  t/dm2  (165-200  tons/sq.ft.)  (say,  above  20  t/dm2  (180  tons/sq.ft))  was  not 
worth  the  expense  and  wear  involved. 

The  firm  of  Farrel20,  in  America,  adopts  a  maximum  pressure  of  23.5  t/dm2  (214 
tons/sq.ft.)  which,  in  American  units,  gives  slightly  more  than  2  tons  per  foot  of  length  and 
per  inch  of  diameter  of  roller. 

In  Australia21  it  is  considered  that  the  gain  in  extraction  beyond  30  —  33  t/dm2  (270  —  300 
tons/sq.ft.)  becomes  very  slight,  since  the  power  expended  increases  rapidly,  and  that  these 
figures  form  a  practical  limit  which  should  not  be  exceeded. 

For  our  part,  we  consider: 

(7)  That  it  is  absolutely  necessary  to  go  up  to  5  t/dm2  (50  tons/sq.ft.)  at  the  crusher  and 
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16.5  t/dm2  (150  tons/sq.ft.)  at  the  mills,  but  that  there  is  no  need  to  exceed  these  values  if 
considerations  of  strength  of  material  or  consumption  of  steam  are  unfavourable  to  it  (as 
may  be  the  case  in  some  very  old  factories). 

(2)  That  there  is  a  very  definite  advantage  in  going  up  to  8  t/dm2  (75  tons/sq.ft.)  at  the 
crusher  and  20  t/dm2  (180  tons/sq.ft.)  at  the  mills,  if  the  equipment  and  the  thermal  balance 
of  the  factory  permit. 

(3)  That  there  is  still  an  advantage  in  increasing  to  16.5  t/dm2  (150  tons/sq.ft.)  at  the 
crusher,  25  t/dm2  (225  tons/sq.ft.)  at  the  mills  other  than  the  last,  and  28-30  t/dm2 
(255-275  tons/sq.ft.)  at  the  last  mill,  if  the  plant  has  been  designed  accordingly  and  if  (as 
is  generally  the  case)  one  has  a  large  margin  of  safety  in  the  consumption  of  steam  at  the 
mills. 

Sequence  of  pressures  in  the  train 

Is  it  desirable  to  increase  the  hydraulic  pressure  from  the  first  mill  to  the  last,  or  to  reduce  it? 

It  is  generally  the  former  method  which  is  encountered  in  practice.  It  complies  with  the 
idea  that  a  mill  should  press  more  heavily  than  the  preceding  mills  in  order  to  extract  what 
they  have  not  been  able  to  extract  ahead  of  it. 

But  the  partisans  of  the  second  method  point  out  that  it  is  mainly  the  imbibition  which 
is  effective,  much  more  than  very  high  pressures;  and  that,  to  render  it  effective,  it  is 
necessary  to  prepare  the  cane  to  the  maximum  extent  in  the  earlier  units. 

Table  10.5  gives  some  examples  of  the  sequence  of  pressures  in  tandems  giving  very  good 
extraction  figures. 


Extraction 


95 


96 


s.h.p. 


15 


20 


25 


30 


Fig.  10.30.  Variation  of  extraction  with  s.h.p.  (specific  hydraulic  pressure). 
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TABLE  10.5 

SEQUENCE  OF  S.H.P.  IN  VARIOUS  TANDEMS,  IN  t/dm2  (tOtls/sq.ft.) 


Location 

N 

N, 

n 

Mill  number 

I 

2 

3 

4 

5 

0 

/ 

Normal  tandems 

18 

6 

3  22 

20.4 

20.4 

20.3 

20.6 

20.6 

(261) 

(187) 

(187) 

(186) 

(188) 

(188) 

S.  Africa 

21 

7 

3  23.6 

19.8 

20.9 

20.5 

19.8 

19.5 

24.7 

(216) 

(181) 

(187) 

(187) 

(181) 

(178) 

(226) 

15 

5 

1  26.8 

20.1 

19.1 

20.5 

21.7 

(245) 

(184) 

(175) 

(187) 

(198) 

Mauritius 

15 

5 

1  27.1 

27.8 

28.5 

29.9 

30.3 

(248) (254) (261) (273) (277) 


Tandems  with  pressure  feeders  on  all  mills 

S  Africa  25        5  1  19.3  19.3  19.9  20. 1  19.4 

(176)  (176)  (182)  (184)  (177) 

20        4        2      21.1    22.9    23.6  21.4 
(193)  (209)  (216)  (196) 

Australia 

30        6        2       16.7  17.3     17.3   17.8   19.6  19.7 
(153)  (158)  (158)   (163)    (179)  (180) 

N  =  number  of  mills  in  tandem;  AS  =  number  of  rollers;  n  =  number  of  tandems  on  which 
average  is  based. 


The  following  general  comments  may  be  made: 

(1)  Short  tandems  are  obliged  to  use  higher  pressures,  while  longer  tandems  may  use 
pressures  appreciably  lower 

(2)  Intermediate  mills  are  generally  more  lightly  loaded 

(3)  The  final  mill  often  has  the  heaviest  load. 

When  the  tandem  has  a  2-roller  crusher,  it  generally  has  an  s.h.p.  50  -  60%  of  that  of  the 
first  mill. 

We  would  recommend  the  following  scale  of  pressures,  which  may  be  understood  also  as 
giving  relative  values  for  factories  which  cannot  attain  the  loading  indicated: 


TABLE  10.6 

RECOMMENDED  MEAN  VALUES  OF  S.H.P.,  IN  t/dm2  (tOns/sq.ft.) 

Tandem  1st  mill    2nd  mill    3rd  mill     4th  mill     5th  mill     6th  mill    7th  mill 


12  rollers  26  (240)  24  (220)  27  (250)  30  (275) 

15  rollers  26  (240)  23  (210)  25  (230)  27  (250)  29  (265) 

18  rollers  25  (230)  22  (200)  24  (220)  25  (230)  26  (240)     28  (260) 

21  rollers  25  (230)  21  (190)  23  (210)  24  (220)  25  (230)     27  (250)   28  (260) 
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Variation  of  hydraulic  pressure  with  length  of  the  tandem.  We  have  already  remarked  that 
short  tandems  are  obliged  to  employ  high  hydraulic  pressures,  whereas  long  tandems  may 
go  more  easily  with  their  hydraulic  pressures  if  they  so  desire. 

There  is  indeed  so  much  less  to  be  gained  by  increasing  the  hydraulic  pressure  when  the 
tandem  is  long,  since  the  number  of  compressions  intervenes  to  compensate  rapidly  for  the 
loss  suffered  at  each  mill  by  insufficient  s.h.p. 

If,  for  one  reason  or  another,  the  total  power  which  can  be  supplied  to  the  mills  is  limited, 
the  mean  t.h.p.  may  in  fact  be  reduced  in  inverse  ratio  to  the  square  root  of  the  number  iV 
of  rollers  in  the  tandem: 

P  yTW' 

—  -  — —  (10.84) 

P'  V77 

This  rule  permits  a  certain  parity  to  be  maintained  between  the  total  power  absorbed  by 
the  tandem  and  its  capacity  (cf.  pp.  190  and  237).  It  is  more  or  less  instinctively  followed 
by  engineers  in  charge  of  milling  plants,  but  many  factories  are  now  preoccupied  with  extrac- 
tion and  steam  economy,  and  the  maximum  work  is  demanded  from  each  mill;  the  total 
power  absorbed  by  the  tandem  is  in  that  case  proportional  to  the  number  of  rollers  in  the 
tandem. 
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The  following  nomenclature  applies  for  milling  calculations  in  Chapters  10-14,  unless  in- 
dicated otherwise  in  the  text.  Units,  also  subscripts  and  superscripts,  are  given  in  the  text. 
A   -  crushing  rate,  t.c.h. 
B   =  weight  of  bagasse  leaving  mill  per  hour 

b    =  "bagasse  loading"  =  weight  of  bagasse  per  unit  roller  surface 

C  (or  CEH)  =  "compression"  (Hugot)  =  eA/H or  h/H 

.    /    _   .  volume  of  material  entering 

c    -  compression  ratio  (Burrock)  =  —  — — —  — 

volume  available  for  compressed  material 

cA  -  compression  ratio  at  minimum  opening 

CF  =  filling  ratio 

D  =  mean  diameter  of  roller 

d  =  density  (dgfor  compressed  bagasse,  dc  for  cane,  djfor  juice) 

E  =  opening  (feed)  between  rollers  (£4 in  axial  plane) 

e  =  delivery  opening  between  rollers  (eA  in  axial  plane,  eN  at  neutral  plane) 

F  =  total  load  on  roller 

/  =  coefficient  of  friction  (subscripts  as  indicated) 

/  =  fibre  per  unit  weight  of  cane 

/'  =  fibre  per  unit  weight  of  bagasse 

H  -  thickness  of  layer  of  loose  bagasse 

h  =  thickness  of  layer  of  compressed  bagasse 

L  =  length  of  roller 
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m   =  ratio  of  feed  to  delivery  openings  while  operating 

N  =  number  of  rollers  in  tandem 

Ni  -  number  of  mills  in  tandem 

N2  =  number  of  compressions  in  tandem 

n    =  speed  of  rollers,  r.p.m. 

P    =  power  consumption  of  mill  (subscripts  1,  2,       E,  S) 
p    =  specific  hydraulic  pressure  on  roller 
p    =  pressure  on  bagasse 

q    =  fibre  loading  =  weight  of  fibre  per  unit  roller  surface 
R    =  mean  radius  of  roller 

bagasse  volume 

r    =  re-absorption  factor  =  =  Vn/VF 

escribed  volume 

5  =  escribed  area  (surface) 

r„  .    ,  weight  of  fibre 

t      =  compaction  coefficient  =  5  

total  apparent  volume  of  material 

V  =  peripheral  speed  of  rollers 

Vo  =  no-void  volume  of  cane 

VB  =  volume  of  bagasse 

VE  =  escribed  volume  of  roller  opening 
a    =  top  angle  of  mill 
a    =  angle  of  contact  of  feed  with  roller 

6  =  density  of  fibre 

e     =  specific  opening  between  rollers  =  e/D 

B    =  angle  between  position  of  feed  and  axial  plane 

X    =  imbibition  per  unit  fibre 

]k    =  ratio  of  changes  in  feed  and  delivery  opening  =  dE/de 

v    =  angle  between  position  of  feed  and  neutral  plane 

Q    =  mechanical  efficiency  of  gearing 

T    =  specific  fibre  loading 

,  ,         weight  of  fibre  passing 

6    =  fibre  index  =  — ^r— „  ,   - 

escribed  volume 

\p    -  safety  coefficient  for  mill  settings 
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11.  Mill  Speeds 


LINEAR  SPEED  AND  SPEED  OF  ROTATION 

One  often  speaks  loosely  of  the  speed  of  mills,  with  consequent  risk  of  confusing  two  dif- 
ferent things.  There  are  in  fact  two  ways  of  reckoning  this  speed: 

(a)  As  peripheral  speed  of  the  rollers,  i.e.  the  linear  speed  of  a  point  at  the  mean  diameter 
of  a  roller.  It  is  generally  expressed  in  metres  per  minute  (feet  per  minute). 

(b)  As  speed  of  rotation  of  the  rollers,  i.e.  the  number  of  revolutions  which  they  make 
in  unit  time.  It  is  generally  expressed  in  revolutions  per  minute  (r.p.m.). 

Relation  between  the  two  speeds 

We  have: 

V  =  wDn  (11.1) 

V  =  peripheral  speed,  in  m/min  (ft./min) 
D  =  diameter  of  rollers,  in  m  (ft.) 
n   =  speed  of  rotation,  in  r.p.m. 
Whence: 

V 


Use  of  the  two  speeds 

When  discussing  speed  of  mills,  should  we  use  the  peripheral  speed  V,  or  the  speed  of  rota- 
tion n? 

The  general  practice  is  to  use  predominantly  V,  which  gives  a  measure  of  the  speed  of 
movement  of  the  cane  on  the  carrier,  and  of  the  bagasse  in  the  intermediate  carriers  and  in 
the  mills  themselves.  However,  some  authors  attach  more  importance  to  the  speed  of  rotation 
than  to  the  peripheral  speed.  Which  is  the  correct  view? 

This  question  is  very  far  from  being  merely  academic.  It  is  of  direct  importance  to  both 
the  manufacturer  and  the  user  of  mills. 

The  question  is  important  mainly  on  account  of  the  effect  of  speed  on  extraction.  This  acts 
in  two  ways: 

(/)  On  the  theoretical  plane,  it  would  be  valuable  to  know  which  factor  is  important,  since 
the  answer  to  this  question  will  allow  us  to  better  penetrate  the  mysteries  of  the  mill  and  to 
understand  it  better. 

(2)  On  the  practical  plane,  since  all  mill  rollers  do  not  have  the  same  dimensions,  if  Paul 
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possesses  a  mill  of  0.61  m  (24  in.)  roller  diameter  and  Peter  a  mill  of  1.09  m  (42  in.),  it  is 
obvious  that  they  will  reach  very  different  conclusions  according  as  the  limit  for  a  good  ex- 
traction is  attained  in  the  neighbourhood  of  7  r.p.m.  or  in  the  neighbourhood  of  20  m/min 
(65  ft./min): 


T_ .  .             ,  for  Paul:  V  =  13.4  m/min  (44  ft./min) 

If  it  is  nM  =  1  r.p.m.  ,.  T7      ...     ,   .     .__  .  .   .  . 

M           F  for  Peter:  V  =  23.4  m/min  (77  ft./min) 

T.      .                on      /    •  for  Paul:  11    =   10-4  r-P-m- 

If  it  is  VM  =  20  m/min  ,  _ 

m  for  Peter:  n   -    6.0  r.p.m. 


With  such  differences,  it  may  well  be  asked  why  world-wide  experience  has  not  yet  given 
the  answer  to  the  problem.  There  are  many  reasons  for  this  and  in  particular  the  following: 

(a)  Most  tandems  cannot  be  operated  at  these  limiting  speeds  and  so  cannot  reach  any  con- 
clusion on  the  question. 

(b)  The  extraction  depends  on  many  other  factors  besides  speed,  which  cannot  be  readily 
eliminated  and  which  thus  complicate  the  situation. 

(c)  The  design  of  mills  does  not  allow  the  speed  to  be  readily  varied  without  at  the  same 
time  varying  the  crushing  rate,  and  this  is  an  important  factor  which  can  completely  falsify 
any  conclusions. 

Whatever  the  reason,  we  do  not  know  of  any  precise  experiment  made  on  this  subject  on 
the  industrial  scale. 

However,  of  the  factors  Vand  n,  it  is  certainly  V  which  plays  the  dominant  role.  It  is  the 
factor  opposing  the  escape  of  the  expressed  juice,  when  the  bagasse  enters  the  grip  of  the 
rollers.  The  juice  must  in  effect  (Fig.  11.1)  flow  through  the  bagasse  layer  against  its  direction 


Fig.  11.1.  Flow  of  extracted  juice. 
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of  movement.  Now  this  factor  obviously  depends  only  on  the  linear  speed  V;  and  this  is  cer- 
tainly the  greatest  argument  in  favour  of  the  predominance  of  Kover  n.  The  higher  the  speed 
V,  the  more  difficult  wijl  it  be  for  the  juice  to  escape  against  the  movement  of  the  bagasse 
and  the  greater  will  be  the  amount  of  juice  entrapped  in  the  compressed  bagasse  at  the  mo- 
ment where  its  permeability  drops  practically  to  zero  (c/.  p.  132). 

Murry1,  in  a  study  of  the  results  obtained  by  Bullock  and  himself,  also  agrees  on  the 
predominance  of  V  over  n.  However,  considerations  cannot  be  based  on  only  one  of  these 
factors:  for  reasons  of  efficacy  and  economics  of  the  milling  plant,  a  compromise  between 
the  two  factors  must  be  adopted. 

The  Cail  firm  gave  its  mills  a  maximal  speed  expressed  by  the  formula: 

nM  =  6.37  -  1.835  D  (n  =  6.37  -  0.56  D)  (11.3) 

nM  =  maximal  rotation  speed  of  rollers,  in  r.p.m. 
D    =  roller  diameter,  in  m  (ft.). 

This  old  formula  has  been  surpassed  by  actual  practice,  and  Fives  Cail  -  Babcock,  suc- 
cessors to  Cail,  have  given  a  fixed  scale  of  maximal  speeds  for  their  mills,  expressed  in  the 
formula: 


nM  =  JW~^2T.VD2  (nM~  V  67  -  2  D>)  (11.4) 

The  few  experiments  made  on  this  subject  have  shown  the  existence  of  a  speed  limit  of 
some  23  or  24  m/min  (75  or  80  ft./min),  above  which  the  tonnage  drops.  Hence,  we  propose 
the  rule: 


33  D 

V-  -  = 


M 


D  +  0.73 


/  108  D  \ 

lv. .  =   )  (11.5) 

\  M    D  +  2.4  / 


VM  =  maximal  speed  in  m/min  (ft./min)  for  rollers  of  diameter  D,  in  m  (ft.) 
which  reduces  to: 


10.5  /  34.4 


D  +  07V3 


This  rule  is  valid  for  diameters  from  0.6  to  1.5  m  (2-5  ft.)  (Fig.  11.4). 


MAXIMAL  SPEEDS  EMPLOYED 


The  technical  literature  gives  little  information  concerning  maximal  speeds  attained  in  prac- 
tice. However,  since  most  factories  throughout  the  world  periodically  find  themselves  spur- 
red on  by  an  increase  in  tonnage  which  reaches  or  exceeds  the  capacity  of  their  mills,  the  pro- 
blem is  inevitably  posed  to  the  great  majority  of  them.  In  many  cases  the  crushing  rate  has 
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been  pushed  to  the  maximum  permitted  by  the  equipment,  a  maximum  which  is  very  often 
well  below  the  limits  which  we  have  given.  Certain  recent  factories,  on  the  other  hand,  have 
been  so  designed  as  to  approach  those  limits. 

At  Central  Plata,  for  example,  in  Puerto  Rico2,  the  tandem  consisting  of  two  sets  of 
knives,  a  Searby  shredder  and  21  rollers  of  889  X  1,676  mm  (35  X  66  in.),  was  crushing  at 
200  t.c.h.  at  a  speed  n  of  7  r.p.m.,  or  V  =  19.5  m/min  (64  ft./min),  with  a  normal  extraction 
(figures  not  given,  but  one  may  assume  94-95%).  Some  factories  now  (1981)  attain  speeds 
of  the  order  of  18  -20  m/min  (60-65  ft./min). 

Tromp3  gave  a  speed  limit  of: 

VM=  18  D  (11.7) 

which  is  equivalent  to: 

nM  =  5.73  r.p.m.  (11.8) 

In  Louisiana4  a  practical  limit  has  been  expressed  as  a  peripheral  speed:  VM  =  16  m/min 
(53  ft./min),  but  this  limit  could  probably  have  been  equally  expressed  in  r.p.m.,  since  it  is 
noted  that  the  standard  factory  in  Louisiana  is  equipped  with  mills  of  863-mm  (34-in.) 
rollers;  this  reduces  therefore  to  nM  =  6  r.p.m. 
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As  indicated  above,  most  factories  operate  below  these  extreme  speeds,  to  avoid  risk  of  affec- 
ting their  extraction.  For  example,  812-mm  (32-in.)  rollers  are  operated  at  approximately 
5  r.p.m.;  it  is  evident  that  the  extraction  cannot  but  improve  when  the  mills  are  operated  at 
a  lower  speed.  However,  a  good  economic  use  of  the  equipment  demands  that  the  roller 
speeds  should  approach  the  limits  -  rather  cautious  -  which  we  have  given  (eqns.  (11.5) 
and  (11.6)).  If  it  is  desired  to  preserve  a  small  margin  of  safety,  the  following  may  be  con- 
sidered as  maximum  economic  industrial  speeds: 

30  D       /„  _    100)Z2>  \ 
VE  ~D  +  0.73     \  E     D  +  2.4  / 

(11.9) 

"E      D  +  0.73     [n,<  ~  D  +  2.4/ 

nE  =  economic  rotational  speed,  in  r.p.m. 
VE  =  economic  peripheral  speed,  in  m/min  (ft./min) 
D     =  diameter  of  rollers,  in  m  (ft.). 

We  show  (Fig.  11.2)  the  speeds  considered  by  Fives  Cail-Babcock  as  maximal,  normal 
and  minimal,  for  their  mills,  as  functions  of  roller  diameter. 
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20  m/min 


15  m/min 


10  m/min 


5  m/min 


u  0.5  1m 

Fig.  1 1.2.  Value  of  maximal  linear  speed  according  to  eqns.  (11.3),  (11.4)  or  (11.5). 

Sequence  of  speeds  along  the  tandem 

What  should  be  the  variation  of  speeds,  in  milling  trains,  from  the  crusher  to  the  final  mill? 
Previously,  two  methods  were  distinguished: 

(1)  The  Javan  school,  where  low  speeds  were  favoured,  decreasing  from  the  first  to  the  final 
mill 

(2)  The  Hawaiian  school,  for  which  speeds  were  higher,  and  increased  from  the  first  to  the 
final  mill. 

The  Javan  school  of  thought  has  now  vanished,  and  this  distinction  has  no  more  than 
academic  interest.  Present  practice  is  to  adopt,  very  generally,  either  the  same  speed  from 
one  end  to  the  other  of  a  tandem,  or  increasing  speeds. 

Actually,  it  is  predominantly  a  question  of  settings,  and  it  is  difficult  to  see  how  there 
would  be  any  advantage  in  adopting  increasing,  equal  or  decreasing  speeds:  the  gain  realised 
by  a  thinner  layer  of  bagasse  is  offset  by  the  increase  in  peripheral  speed,  or  vice  versa.  The 
simplest  solution  would  therefore  seem  to  be,  a  priori,  to  use  a  uniform  speed  for  all  mills 
of  the  tandem. 

However,  the  American  trend,  a  solution  of  convenience,  has  held  sway,  probably  as  a  sort 
of  safeguard  against  possible  errors  of  setting  and  against  accidental  chokes  towards  the  end 
of  the  tandem.  It  is  considered  that  by  running  the  later  mills  slightly  faster,  they  will  readily 
accept  the  bagasse  furnished  by  the  preceding  mills.  The  angle  of  contact  of  the  bagasse  is 
improved  as  the  speed  increases,  since  the  thickness  of  the  bagasse  layer  decreases  according- 
ly- 

Table  1 1.1  gives  further  examples  of  miJl  speeds,  from  South  Africa  and  Australia,  in 
m/min  (and  ft./min),  with  figures  grouped  separately  for  tandems  with  pressure  feeders  on 
all  mills.  In  all  cases,  the  data  are  from  tandems  giving  very  good  extraction  figures. 
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TABLE  li.l 

LINEAR  SPEEDS  FOR  SEVERAL  MILL  TANDEMS,  IN  m/min  (ft./min) 

Mill  number 

N         /v",        n  1        2        3        4        5        6  7 

Normal  tandems 

10.76  10.77  10.79  10.51  10.16  10.59 
(35.3)  (35.3)  (35.4-)  (34.5)  (34.6)  (34.7) 

11.16  11.01  10.87  11.11  11.53  11.33  9.82 
(36.5)  (36.1)  (35.7)  (36.5)  (37.8)  (37.2)  (32.2) 

Tandems  with  pressure  feeders  on  all  mills 

13.10  11.82  10.86  9.84 
(43.0)  (38.8)  (35.6)  (32.3) 

13.09  13.20  1  2.80  12.70  1  3.20 

(42.9)  (38.7)  (42.0)  (41.7)  (43.3) 

13.20  16.08  15.66  15.96  13.86  12.06 
(43.3)  (52.8)  (51.4)  (52.4)  (45.5)  (39.6) 


N  =  number  of  rollers  in  tandem;  Ni  =  number  of  mills;  n  -  number  of 
tandems  on  which  average  is  based. 


18  6  4 

21  7  2 

20  4  1 

25  5  1 

30  6  1 


Return  of  fine  bagasse 

It  is  necessary,  however,  to  take  into  account  the  return  of  fine  bagasse,  which  often 
represents  20-25%  on  the  weight  of  cane  entering  the  milling  tandem.  The  mill  (generally 
the  second)  which  receives  such  an  extra  load  should  be  assisted,  in  one  way  or  another.  The 
hydraulic  load  applied  to  it  should  accordingly  be  lower,  and  at  the  same  time  it  should  be 


nM 
A 


10  r.p.m. 


5  r  p.m. 


D(m) 
 ► 


O  0.5  1m 

Fig.  11.3.  Value  of  maximal  rotational  speed  according  to  eqns.  (11.3),  (H.4)  or  (11.5). 
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operated  at  a  sufficient  speed;  and,  of  course,  the  settings  should  be  adjusted  accordingly. 

We  may  comment,  however,  that  the  mill  is  not  handicapped  by  the  full  20%  of  returned 
bagasse.  If,  for  example,  there  are  5  mills,  crushing  cane  of  13.7%  fibre,  and  if  the  quantities 
of  fibre  in  fine  bagasse,  per  unit  of  cane,  coming  from  each  mill,  are: 


1st  mill:  0.010 

2nd  mill:  0.009 

3rd  mill:  0.004 

4th  mill:  0.002 

5th  mill:  0.001 


0.026 


the  quantities  of  fibre  passing  through  each  mill  in  a  given  time  will  be,  if  the  return  is  made 
at  the  second  mill,  in  the  following  ratios: 


1st  mill: 
2nd  mill: 


137  or  say  100 
153    or  say  112 


Peripheral  speed 
24  (m/min) 


0.5       0.6       0.7       0.8       0.9        1         1.1         1.2        1.3  1.4 

D(m) 

Fig.  11.4.  Maximal  (M),  normal  (N)  and  minimal  (m)  speeds  in  the  Fives  Cail-Babcock  mills. 
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3rd  mill: 
4th  mill: 
5th  mill: 


144  or  say  105 
140  or  say  102 
138  or  say  101 


The  extra  quantity,  however,  is  far  from  negligible.  In  spite  of  this  consideration,  the  speed 
of  the  second  mill  often  remains  the  lowest  of  the  tandem. 

Combined  drives 

It  is  in  tandems  with  combined  drive  that  the  question  of  the  sequence  of  speeds  becomes 
most  acute.  When  1 1  or  14  rollers  are  driven  by  the  one  steam  engine,  the  relative  speed  of 
the  several  mills  can  no  longer  be  varied  at  will. 

This  case  is  becoming  more  and  more  rare,  on  account  of  the  increased  adoption  of  in- 
dividual drives  by  electric  motor  or  turbine.  For  combined  drive,  French  designers  generally 
maintain  the  same  speed  for  all  mills,  to  maintain  uniformity,  with  standard  gearing  and 
frames.  American  firms  prefer  to  vary  the  gear  ratios  so  as  to  obtain  speeds  increasing  from 
the  first  to  the  last  mill.  Tromp5  cites  an  1 1 -roller tandem  in  which  the  second  motion  pinions 
driving  the  spur  wheels  of  the  three  mills  had  respectively  22,  23  and  24  teeth.  This  system, 
he  added,  would  give  good  results. 

If  it  is  desired  to  maintain  the  same  dimensions  for  the  gear  teeth,  and  the  same  spaces 
between  mills,  the  ratios  may  be  modified  while  retaining  the  same  total  number  of  teeth  for 
spur  wheel  plus  pinion.  For  example,  3  sets  of:  83  and  22,  82  and  23,  and  81  and  24  teeth. 

Laredo,  in  Peru6,  in  altering  its  tandem  (762  x  1,524  mm)  (30  x  60  in.)  driven  by  electric 
motors  of  1,000  r.p.m.,  with  a  42.5  :  1  reduction),  arranged  for  the  spur  wheels  of  104  teeth 
for  each  mill  to  be  driven  by  pinions  as  shown  below,  with  the  resulting  speeds: 


1st  mill: 

21  teeth 

n 

=  4.725 

r.p.m. 

V  = 

11.25 

m/min  (37  ft./min) 

2nd  mill: 

20  teeth 

n 

=  4.50 

r.p.m. 

V  = 

10.5 

m/min  (35  ft./min) 

3rd  mill: 

22  teeth 

n 

=  4.95 

r.p.m. 

V  = 

12.0 

m/min  (39  ft./min) 

4th  mill: 

24  teeth 

n 

=  5.40 

r.p.m. 

V  = 

13.0 

m/min  (42  ft./min) 

5th  mill: 

24  teeth 

n 

=  5.40 

r.p.m. 

V  = 

13.0 

m/min  (42  ft./min) 

6th  mill: 

26  teeth 

n 

=  5.85 

r.p.m. 

V  = 

14.0 

m/min  (46  ft./min) 

Further  good  examples  of  sequences  of  speed  are  given  in  Tables  5.1  and  5.2. 
Today,  complete  combined  drive  is  no  longer  used.  However,  for  economy,  some  factories 
drive  two  mills  from  one  prime  mover;  but  individual  drive  remains  the  rule. 


1  C.  R.  MURRY,  The  mechanics  of  crushing  prepared  sugar  cane.  Thesis,  University  of  Queensland,  1960,  p.  174. 

2  R.  Labiosa,  Sugar  ].,  22  (1)  (1959)  53. 

3  L.  A.  TROMP,  Machinery  and  Equipment  of  the  Sugar  Cane  Factory,  Norman  Rodger,  London,  1936,  p.  162. 

4  L.  Cusachs,  Sugar  J.,  24  (5)  (1961)  29. 

5  L.  A.  TROMP,  op.  cit,  p.  203. 

6  I.  LAREDO,  Sugar  Azucar,  59  (8)  (1964)  34. 
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12.  Mill  Capacity 


DEFINITION 

The  capacity  of  a  train  of  mills  is  the  quantity  of  cane  which  that  train  is  capable  of  treating 
in  unit  time.  It  is  generally  expressed  in  tonnes  of  cane  per  hour  (t.c.h.);  in  America  it  is  often 
expressed  in  tonnes  of  cane  per  day. 

The  relation  between  these  two  figures  is  not  as  direct  as  one  might  be  tempted  to  think. 
Actually,  the  hourly  tonnage  assumes  that  the  mills  have  been  operating  without  interruption 
for  the  hour  under  consideration.  This  obviously  is  generally  the  case,  and  the  figure  is  easily 
obtained,  at  the  end  of  the  season,  by  dividing  the  tonnage  crushed  by  the  number  of  hours 
of  operation  of  the  mills;  in  effect,  stops  and  breakdowns  are  always  deducted. 

The  tonnage  per  day,  on  the  other  hand,  is  obtained  by  dividing  the  tonnage  handled  dur- 
ing the  campaign  by  the  number  of  working  days,  small  stops  not  being  deducted.  Now, 
while  an  hour's  crushing  without  interruption  is  the  general  thing,  and  while  many  daily 
reports  show  continuous  crushing  for  24  hours,  many  stops  of  10  —  20  minutes  are  experienc- 
ed in  the  course  of  a  season.  If  follows  that,  even  if  a  careful  record  is  kept  of  the  days  of 
operation  during  the  week  (5.83,  6.25,  etc.),  the  tonnes  per  day  will  not  be  24  times  the  tonnes 
per  hour. 

A  well-operated  factory  should  not  have  lost  time  (mill  stops)  of  more  than  about  1  %  of 
its  operating  time.  From  this  mean  figure,  the  t.c.h.  may  be  converted  to  tonnes  cane  per 
day  (t.c.d.)  by  multiplying  by  23.75: 

C  =  x  t.c.h.  =  23.75  x  t.c.d.  (12.1) 


FACTORS  INFLUENCING  CAPACITY 

These  are  many.  The  most  important  are  the  following: 

(a)  Fibre  content  of  cane.  Though  the  volume  presented  to  the  crusher  does  not  depend 
on  the  fibre  content,  its  resistance  to  the  action  of  the  rollers  is  more  or  less  proportional 
to  the  fibre.  As  for  the  later  mills  of  the  tandem,  the  quantity  of  material  which  they  receive 
is  closely  proportional  to  the  fibre,  and  the  thickness  of  the  layer  of  compressed  bagasse  at 
the  delivery  roller  will,  for  a  given  r.h.p.,  be  exactly  proportional  to  the  fibre. 

(b}  Dimensions  and  speed  ofihe  rollers.  The  quantity  of  bagasse  is  obviously  proportional 
to  the  product  of  the  thickness  of  the  bagasse  layer  and  the  escribed  area,  i.e.  the  area 
described  in  unit  time  by  a  generatrix  of  the  roller,  i.e.  it  is  proportional  to  HLnD.  Since  H 
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should  be  proportional  to£>,  the  tonnage  will  vary  approximately  d&LnD2;  thus  we  see  that 
it  is  proportional  to  the  speed  and  length,  and  also  to  the  square  of  the  diameter,  of  the 
rollers. 

(c)  Number  of  rollers.  A  factor  which  is  less  obvious,  but  still  important,  is  the  number 
of  mills.  At  first  sight,  it  may  seem  surprising  that  it  should  have  any  effect:  if  a  certain  quan- 
tity of  bagasse  passes  through  a  first  mill,  when  it  is  followed  by  5  others  for  example,  why 
would  it  not  pass  through  just  as  well  if  it  were  followed  by  only  4,  3  or  2  mills,  instead  of 
5?  It  is  the  minimum  permissible  extraction  that  is  important  here:  in  a  short  tandem,  the 
thickness  of  the  bagasse  layer  must  be  reduced  to  obtain  a  satisfactory  extraction;  in  a  long 
tandem,  on  the  other  hand,  the  thickness  of  bagasse  layer  may  be  increased  as  the  tandem 
becomes  longer. 

(d)  Cane preparators.We  have  already  seen  how  knives  and  shredders  improve  the  capaci- 
ty. 

Besides  these  primary  factors,  a  number  of  others  also  play  an  important  part: 

(e)  Imbibition.  The  greater  the  imbibition  used,  the  more  difficult  it  is  to  feed  the  mills, 
especially  when  hot  water  is  used  as  imbibition. 

(f)  Grooving.  The  grain  of  the  roller  metal,  and  the  shape  and  depth  of  the  grooving,  have 
their  effect  on  the  grip  of  the  rollers:  the  juice  grooves  play  an  important  part  at  the  feed 
roller. 

(g)  Hydraulic  pressure .  The  mills  accept  the  feed  more  readily  if  they  are  more  lightly  load- 
ed. 

(h)  Roller  surface.  It  is  general  practice  to  apply,  by  arc  welding,  granules  of  metal  on  the 
crest  and  flanks  of  the  roller  teeth.  This  practice  (known  as  "arcing"  or  "spotting")  con- 
siderably increases  the  grip  of  the  rollers  by  reducing  the  slip  of  the  cane  or  bagasse  on  them, 
and  appreciably  improves  their  capacity. 

ft)  Use  of  feeding  devices.  Feeding  rollers,  above-feed  and  particularly  under-feed  pushers 
and  continuous  pressure  feeders  allow  the  tonnage  to  be  increased,  sometimes  to  a  substantial 
extent. 

(j)  Design  and  condition  of  the  plant.  Modern  mills  are  provided  with  various  im- 
provements which  increase  their  capacity.  On  the  other  hand,  wear  of  grooving,  of  rollers 
and  of  surfaces  subjected  to  friction,  particularly  in  the  hydraulic  system,  can  impair  the 
good  operation  of  a  mill. 

(k)  Personnel.  Finally,  the  quality  of  the  personnel  responsible  for  the  adjustment  and 
maintenance  of  the  mills  is  an  intangible  factor,  but  one  which  can  be  of  immense 
importance. 
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CAPACITY  FORMULAE  PROPOSED 

A    =  capacity  of  the  tandem,  in  t.c.h. 
/     =  fibre  content  per  unit  of  cane 

c    =  coefficient  for  preparatory  plant,  given  by  Table  12.1 

L    =  length  of  rollers,  in  m  (ft.) 

D    =  diameter  of  rollers,  in  m  (ft.) 

n    =  speed  of  rotation  of  rollers,  in  r.p.m. 

N  =  number  of  rollers  in  the  tandem 

Ni  =  number  of  mills  in  the  tandem 

N2  =  number  of  compressions  applied  by  the  tandem  (1  mill  =  2  compressions). 
Note  that: 

Af  =  capacity  of  the  tandem  in  tonnes  fibre  per  hour  (t.f.h.). 


CAPACITY  FORMULAE 

Many  formulae  have  been  proposed  for  calculating  the  capacity  of  mills  (Noel  Deerr1,2, 
Maxwell3,  Nayar  and  Pillay4,  Parr5,  Tromp6,  Gaspar7,  and  many  others).  The  dimensions 
of  the  mill  rollers  form  the  main  factor  in  all  these  formulae;  they  appear  generally  in  the 
combination  LD  or  LD2.  Mawell  and  Nayar  are  supporters  of  the  formula  with  LD:  but  it 
is  difficult  to  escape  the  logic  which  leads  to  the  use  of  the  second  power  of  the  diameter. 
One  arrives  at  the  exponent  1  by  assuming  that  the  thickness  of  the  bagasse  layer  is  constant 
and  independent  of  the  diameter.  However,  we  start  from  the  logical  and  necessary 
hypothesis  that  this  thickness  is  proportional  to  roller  diameter.  Considering  this  hypothesis 
in  terms  of  fibre,  the  weight  of  fibre  passing  in  one  hour  is  Af  andthis  weight  is  distributed 
over  a  roller  area  of: 

S  =  60  irDnL 

It  follows  that: 

S      60  wDnL 

whence: 

A  -  y"f-  (12.2) 

However,  the  bagasse  layer  which  is  of  interest  here  is  the  maximum  layer  compatible  with 
good  operation  of  the  mills  without  choking.  This  maximum  layer  depends  on  the  coefficient 
of  friction  between  metal  and  bagasse.  Now,  the  experiments  of  Bullock8  in  Australia  have 
shown  that  this  coefficient  itself  depends  on  the  peripheral  speed,  and  the  average  of  his  ex- 
periments leads  to  an  equation  of  the  form: 
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(i  =  0.43  -  0.008  v  0*  =  0.43  -  0.0024  v)  (12.3) 

H   =  coefficient  of  friction  between  bagasse  and  metal 

v   =  peripheral  speed  of  the  mill,  =  irnD,  in  m/min  (ft./min). 

Taking  this  factor  into  account,  the  maximum  quantity  of  bagasse  which  will  be  gripped 
by  the  mill  is  no  longer  proportional  to  v,  that  is,  to  wnD,  but  to  the  product: 

irnD  (0.43   -  0.008  irnD)  (irnD  (0.43  -  0.0024  wnD)) 

that  is,  to: 

nD  (1  -  0.06  nD)  (nD  (1-0.018  nD))  (12 .4) 

From  an  experiment  made  at  Central  Don  Pedro  and  cited  by  Fives  -  Lille,  the  practical 
coefficient  of  friction  is  given  as  (1  —  0.07  nD).  However,  we  retain  the  value  0.06,  which 
appears  to  be  better  established.  We  may  note  in  passing  that  this  same  experiment  showed 
a  limiting  speed  v  =  23-24  m/min  (76-78  ft./min),  above  which  the  tonnage  fell  sharply. 

Figure  12.1  shows  the  influence  of  slip,  as  given  by  this  formula,  the  speed  v  =  -wnD  being 
shown  as  the  abscissa.  On  the  same  graph,  we  show  the  coefficient  adopted  by  Fives 
Cail-Babcock,  which  considers  only  speeds  above  9  m/min  (30  ft./min).  The  two  graphs 
are  displaced  by  about  30%  in  the  useful  zone,  this  difference  of  30%  being  evidently  taken 
into  account  by  the  respective  formulae.  If  we  reduce  the  upper  graph  in  the  proportion 
130/100,  they  are  very  close  together  in  the  range  10-24  m/min  (33-78  ft./min).  We  thus 
obtain  the  curve  shown  dotted. 


Fig.  12.1.  Slipping  factor  in  mill  capacity  formulae. 
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To  allow  for  this  corrected  factor,  we  must  now  write: 

A  =  X"  (1  -  0.06  nD)  \A  =   \"  ~  —  (1  -  0.018  nD)\  (12.5) 

/  \  /  / 

an  equation  in  which  we  have  already  taken  into  account  fibre,  speed,  and  the  dimensions 
of  the  rollers.  There  remain  only,  included  in  the  coefficient  \  ' ',  two  primary  factors  to  be 
considered  explicitly: 

(1)  The  equipment  for  cane  preparation 

(2)  The  influence  of  the  length  of  the  tandem. 

Influence  of  preparatory  plant 

The  degree  of  preparation  and  more  or  less  complete  subdivision  of  the  cane  has  a  strong 
influence  on  the  capacity  of  the  mills  to  grip  the  cane.  Table  12.1  gives  coefficients  to  be  used 
to  take  this  effect  into  account. 

TABLE  12.1 

COEFFICIENTS  FOR  PREPARATORY  PLANT 

1  Knife  set  of  wide  pitch  c 

2  Knife  sets  of  wide  pitch  c 

1  Knife  set  at  close  pitch  c 

2  Knife  sets,  one  wide,  one  at  close  pitch  c 
2  Knife  sets  and  one  shredder  c 
Shredder  only  with  chopper-harvested  cane  c 


=  1.10 

=  1.15 

=  1.13 

=  1.16 

=  1.22 

=  1.18 


Influence  of  length  of  tandem 

This  is  the  factor  which  is  most  difficult  to  evaluate,  because  its  effect  is  indirect.  Let  us  con- 
sider an  1 1 -roller  train;  this  is  chosen  because  it  is  the  shortest  of  normal  tandems,  and 
because  its  maximum  capacity  is  more  definitely  fixed.  Its  capacity  cannot  be  increased  much 
without  the  extraction  suffering  markedly.  Let  us  add  in  turn  1,  2,  3,  4  mills.  With  each  addi- 
tion we  have  the  choice  between  two  solutions;  either: 

(a)  To  profit  by  the  new  mill  to  treat  as  much  cane  as  possible,  while  maintaining  the  same 
extraction;  or: 

(b)  To  seek  to  improve  the  extraction  as  much  as  possible  with  the  aid  of  the  new  mill, 
and  not  concern  ourselves  with  capacity. 

If  solution  (a)  is  followed,  as  in  factories  which  have  to  cope  with  increasing  production, 
the  increase  in  capacity  of  the  tandem  will  be  almost  proportional  to  the  number  of  mills  N{ 
or,  which  is  practically  the  same  thing,  almost  proportional  to  the  number  of  compressions 
N2  or  of  rollers  N. 

If  method  (b)  is  followed,  as  in  factories  seeking  to  increase  their  efficiency,  the  capacity 
will  increase  very  little  with  the  number  of  rollers. 

In  practice,  it  is  nearly  always  the  pressure  of  production  requirements  that  prompts  the 
addition  of  a  mill,  but  an  effort  is  always  made  to  obtain  from  the  new  mill  both  a  gain  in 
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capacity  and  a  gain  in  extraction.  If  a  reasonable  attitude  be  adopted,  which  favours  extrac- 
tion very  slightly  more  than  capacity,  the  influence  of  length  of  the  tandem  will  be  propor- 
tional to  VTV. 

Formerly,  Java  issued  complete  synoptic  tables  for  its  160  or  180  factories.  If  an  analysis 
be  made  of  this  copious  data,  and  the  exponent  of  N  be  taken  as  the  unknown,  the  actual 
values  found  are  distinctly  lower  than  1,  but  slightly  greater  than  0.5.  The  power  of  TV  which 
would  appear  closest  to  the  mean  of  all  the  figures  (though  somewhat  high)  would  be  0.67, 
that  is,  $ N2.  This  would  be  a  complicated  value  to  calculate,  and  would  particularly  involve 
seeking  a  precision  which  the  problem  does  not  warrant;  so  we  consider  that  it  is  preferable 
to  retain  VTV. 

For  record  purpose,  and  in  spite  of  their  early  date,  we  consider  that  the  results  for  Java 
for  1930,  reduced  to  equivalent  figures  for  (762  x  1,524  mm)  (30  x  60  in.)  mills,  are  worth 
retaining.  The  main  differences  are  due  to  the  influence  of  the  crusher  on  capacity  during 
that  period  (cf.  Table  12.4). 

Table  12.2  expresses  the  influence  of  length  of  the  tandem,  in  terms  of  the  foregoing 
discussion. 


TABLE  12.2 


COEFFICIENTS 

FOR  LENGTH 

OF  TANDEM 

Number  of  rollers 

Vn 

Relative  values 

9 

3 

0.866 

11 

3317 

0.958 

12 

3.464 

LOO 

14 

3.742 

1.08 

15 

3.873 

1.12 

17 

4.123 

1.19 

18 

4.243 

1.22 

21 

4.583 

1.32 

24 

4.899 

1.41 

Complete  formula 

We  are  now  in  a  position  to  give  the  complete  formula  for  capacity: 

cn  (1  -  0.06  nD)LD2  VTV 
/ 

_  (12.6) 
I A  =  0.0255  cnJ!_-0.0linD>LD>ytN\ 
\  f  J 

(L  and  D  in  m  (ft.). 

This  formula  assumes  that  the  tandem  is  operated  with  a  normal  compromise  between  ex- 
traction and  capacity,  and  that  the  rollers  are  subjected  to  regular  and  uniform  "arcing". 
Where  such  "arcing"  is  not  practised,  it  is  advisable  to  apply  a  coefficient  of  0.95,  which 
indicates  that  the  "arcing"  allows  for  5%  in  the  capacity  of  the  tandem. 
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Table  12.3  gives  capacities  for  mills  of  the  sizes  most  often  used,  calculated  for  the  follow- 
ing conditions: 

(a)  Preparatory  plant:  two  sets  of  knives  and  a  shredder 

(b)  Fibre:/  -  0.15 

(c)  Speed:  n  -  6  r.p.m. 

For  any  fibre  content  /'  other  than  0,15,  it  will  suffice  to  multiply  the  indicated  capacity 
by  0. 1 5/f  .However,  if  we  make  some  concession  to  Gaspar's  point  of  view,  we  would  count 
as  0.12  all  fibre  values  equal  to  or  lower  than  that  figure. 

For  any  speed  other  than  6  r.p.m.,  we  multiply  by: 

n'{\  -  0.06n'D)  jn'  (1  -  0.018  n'  D}\ 

~6  (1  -  0.36  D)  \    6(1  -  0.108  D)  ) 

For  any  combination  of  preparatory  plant  corresponding  to  a  coefficient  c'  differing  from 
1.22,  multiply  by  c'/1.22. 

Comment:  The  last  line  is  only  a  theoretical  indication  for  the  sake  of  homogeneity  of  the 
table,  since  the  speed  of  6  r.p.m.  adopted  for  the  table  as  a  whole  would  be  conducive  to 
a  linear  speed  of  24  m/min  (78  ft./min),  which  we  know  would  be  excessive. 

Influence  of  crusher 

We  have  already  pointed  out  that  many  factories  having  only  three-roller  mills  show 
capacities  inferior  to  factories  having  one  roller  less,  i.e.  where  the  first  mill  is  replaced  by 
an  ordinary  crusher.  Thus  in  Java,  15-roIler  trains  achieve  a  mean  tonnage  inferior  to  that 
of  14-roller  trains  (c/.  Table  12.4).  It  may  be  asked  in  these  conditions,  whether  it  would  not 
be  appropriate  to  separate  the  crusher  from  the  rest  of  the  tandem,  to  treat  it  as  a  preparatory 
unit,  in  the  same  class  as  a  set  of  knives;  to  introduce  a  "crusher  coefficient",  and  to  count 
only  the  number  of  units  (or  of  pressures,  or  of  rollers)  in  the  mills  proper,  in  which  case 
these  figures  would  be  fully  comparable. 

TABLE  12.4 


AVERAGE  FIGURES  FOR  JAVA 


Number  of 

Tandem 

Number  of 

V77 

Capacity 

Extraction 

Lost  juice 

factories 

rollers 

(t.c.h.) 

%  fibre 

N 

A 

3 

3  mills 

9 

3 

29.5 

9.83 

91.3 

55 

3 

1  Crusher  +  3  mills 

11 

3.32 

31 

9.34 

93.5 

48 

26 

4  mills 

12 

3.46 

32.2 

9.31 

93.9 

44 

93 

1  Crusher  +  4  mills 

14 

3.74 

41.7 

11.15 

94.6 

39 

15 

5  mills 

15 

3.87 

34 

8.79 

95.4 

34 

21 

1  Crusher  +  5  mills 

17 

4.12 

45.5 

11.04 

95.7 

33 

1 

1  Crusher  +  6  mills 

20 

4.47 

48.1 

10.76 

96.7 

27 

This  would  be  true  in  tandems  containing  mills  only.  Some  such  tandems  are  still  in  ex- 
istence, but  fortunately  they  are  becoming  rare  and,  in  all  modern  tandems  with  number  of 
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rollers  a  multiple  of  3,  e.g.  12,  15  or  18,  where  the  first  mill  is  either  preceded  by  a  shredder, 
or  provided  with  a  suitable  speed  and  suitable  grooving,  the  capacity  should  attain  and  sur- 
pass that  of  a  corresponding  tandem  of  11,  14  or  17  rollers.  For  our  part,  we  are  strongly 
in  favour  of  a  first  unit  of  3  rollers  and  we  have  always  obtained  from  such  units  a  tonnage 
superior  to  that  obtained  with  a  2-roller  crusher  as  first  unit. 

It  is  for  this  reason  that  we  have  reckoned  the  rollers  of  an  ordinary  crusher  on  the  same 
basis  as  those  of  the  mills. 

The  foregoing  reasoning  also  shows  why  we  have  introduced  in  eqn.  (12.6)  the  number  of 
rollers,  N,  instead  of  the  number  of  pressures,  N2-  It  is  because,  from  the  point  of  view  of 
capacity,  a  crusher  has  a  value  approaching  that  of  a  mill.  However,  in  counting  the  number 
of  compressions,  one  reckons  a  crusher  as  half  a  mill,  whereas  by  counting  rollers,  one 
reckons  it  as  two-thirds  of  a  mill. 

Reduction  to  standard  dimensions 

The  influence  of  the  roller  dimensions  is  expressed,  in  logical  capacity  formulae,  by  the  factor 
LD2. 

In  Java,  the  practice  has  been  adopted  of  "reducing"  the  capacities  of  mills  to  that  of  a 
standard  roller  dimension  of  (762  X  1,524  mm)  (30  x  60  in.),  by  multiplying  the  mean  ton- 
nage obtained  by  the  ratio: 

LsDs 

r  =  ^-4  (12.7) 
LD2 

L  and  D  being  the  length  and  diameter  of  the  rollers  of  the  tandem  concerned, 
L„and  A,  those  of  the  standard  rollers. 

It  may  be  noted  that  the  volume  of  a  roller  is  given  by: 

V   =  -  LD2 
0  4 

and  that  in  consequence  the  capacity  is  proportional  to  the  roller  volume.  Hence  it  is 
estimated  in  Java  that  the  capacity  of  a  mill  is  7.25  t.f.h./m3  (0.205  t.f.h./cu.ft.)  of  volume 
of  one  of  its  rollers.  This  scale  has  been  derived  from  an  average  figure  for  a  number  of 
tandems  comprising  1,254  rollers. 

Noel  Deerr9  has  pointed  out  that  an  average  calculated  for  110  rollers,  in  India,  gave  a 
figure  of  10.5  t.f.h./m3  (0.295  t.f.h./cu.ft.)  of  roller. 

These  two  figures  unfortunately  have  not  taken  into  account  the  length  of  the  various 
tandems  considered.  It  would  have  been  interesting  to  reduce  the  capacities,  not  only  to  a 
standard  roller,  but  also  to  a  standard  tandem;  at  the  time,  this  was  one  of  14  rollers. 

At  the  present  day  this  is  a  tandem  of  15  rollers.  If  we  apply  formula  (12.6)  to  a  tandem 
of  15  rollers  preceded  by  2  sets  of  knives  and  a  shredder,  and  operating  at  6  r.p.m.,  with 
rollers  of  813  mm  (32  in.),  this  dimension  serves  only  to  calculate  the  term  0.06  nD  (0.018 
nD)\  we  shall  have: 
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Af  0-9  x  1.22  x  6  x  0.7  x  3.873  , 
-=   0^854  =  22  740  tfh/m3 

'  c 

.  0.02»  X  1.22x^x0JLxJ.j73  =  fl  ^  (  f  fc  /m  ft  j  ^ 
or,  for  any  speed  n: 

3.8  n  t.f.h./m3  (0.109  n  t.f.h./cu.ft.)  (12.9) 


In  South  Africa,  the  length  of  the  tandem  is  taken  into  account  and  work  of  the  mills  in 
t.c.h.  is  related  to  the  total  volume  of  all  the  rollers  in  the  tandem.  This  amounts  to  accepting 
a  formula  giving  capacity  proportional  to  the  number  N  of  rollers,  and  we  have  commented 
(cf.  p.  191)  that  this  type  of  formula  would  exaggerate  the  influence  of  the  number  of  rollers. 
The  weight  of  fibre  handled  by  the  mills  per  hour  is  divided  by  the  total  volume  of  the  rollers 
in  the  tandem,  and  the  quotient  is  called  "specific  feed  rate".  In  1981  the  South  African  fac- 
tories had  figures  ranging  from  727  to  1221  kg  fibre  per  hour  per  m}  of  total  volume  of  the 
main  rollers  (3  per  mill)  of  the  mills  in  the  tandem  (45-76  lb./h/cu.ft.).  If  the  volume  of 
the  pressure  feed  rollers  is  added,  this  would  give  692  -  953  kg/h/m3  (43  -  59  lb./h/cu.ft.). 

Capacity  of  tandems  with  mills  of  different  dimensions 

The  expressions  given  are  applicable  to  tandems  in  which  all  the  rollers  have  the  same  length 
L  and  the  same  diameter  D;  but  it  often  happens  that  tandems  are  not  so  homogeneous. 
Moreover,  very  often  each  mill  has  its  own  speed  n.  In  this  case  in  the  equation  (12.6)  the 
expression: 

G  =  n  (1  -  0.06 nD)LD2  (G  =  n  (1  -  0.018  nD)  LD2) 

will  be  replaced  by  the  expression: 

(Ni  -  I)  d  +  Gz  +  G*  +  .  .  .  +  G 

q  -  _ — _ — _ — „  n  (12.10) 

m  2  (TV,  -   1)  V 

G[,  Gi,  ■  ■  .,  Gn  being  the  values  of  the  expression  G  for  the  1st,  2nd,  .  .  .,  and  nth  mills, 
and  Gm  being  then  the  value  to  take  for  the  calculation  of  capacity  of  the  tandem. 
Equation  (12.10)  was  that  employed  in  Java  in  193910. 
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If  we  express  the  work  of  a  mill  as  a  function  of  the  fibre  loading,  we  obviously  have: 

Af=  60irDnLg=  188.5  qnLD  =  188.5  rnLD2  (12.11) 
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A  =  crushing  rate  of  the  mills,  in  kg  (lb.)  cane  per  hour 
/    =  fibre  in  cane  in  relation  to  unity 
L  =  length  of  rollers,  in  m  (ft.) 
D  -  diameter  of  rollers,  in  m  (ft.) 
«   =  speed  of  rollers,  in  r.p.m. 
q  =  fibre  loading,  in  kg/m2  (lb. /sq.ft.) 
r  —  specific  fibre  loading,  in  kg/m2/m  (lb./ sq.ft./ ft.). 
Equating  this  expression  to  the  normal  capacity  of  the  tandem  (eqn.  12.6)  we  have: 

188.5  rnLD2  —  900  cn  (1  -  0.06  nD)LD2   '~  „  ..  x 

r  =  4.774  c(l-0.06«D;ViV  (metric  units)  (12.12) 

188.5  rnLD2  =  0.0255  x  2.240  cn  (1  -  0.018  nD)  LD2  ViV 

T  =  0.303  c  (1  -  0.018  n£>)  (Bntisn  units)  (12.12) 


c    =  coefficient  relating  to  preparatory  plant 
/V  =  number  of  rollers  in  the  tandem. 

This  expression  indicates  the  normal  values  which  may  be  given  to  T  in  order  to  operate 
the  mill  under  normal  conditions  (see  Table  12.5). 


TABLE  12.5 


NORMAL  VALUES  OF  SPECIFIC  FIBRE  LOADING  r  AS  A  FUNCTION  OF  COMPOSITION  OF 

TANDEM,INkg/mVm 


N 


1.22 


nD 

12 

14 

75 

17 

18 

21 

4 

12.57 

13.58 

14.05 

14.96 

15.40 

16.63 

5 

11.45 

12.51 

12.94 

13.78 

14.18 

15.32 

4 

13.83 

14.34 

15.46 

16.46 

16.94 

18.29 

5 

12.74 

13.76 

14.22 

15.16 

15.60 

16.85 

4 

15.33 

16.57 

17.15 

18.25 

18.78 

20.29 

5 

14.12 

15.26 

15.79 

16.81 

17.40 

18.69 

(For  values  in  lb./cu.ft.,  multiply  by  0.0624.) 


Capacity  ratio  of  mills 

The  capacity  ratio  9  of  a  milling  tandem  is  the  ratio  between  the  tonnage  by  the  tandem  and 
the  tonnage  of  which  it  is  theoretically  capable.  We  have  just  calculated  these  two  values: 
Tonnage  actually  crushed: 


Af  =  188.5  rnLD2  kg  fibre/h  (Ib.fibre/h) 


Theoretical  standard  tonnage  which  the  tandem  should  normally  crush: 


A0f=  900  cnLD2  y/N  (1  -  0.06  nD)    (A0f=  57  cnLD2  4N  (1  -  0.018  nD))  (12. 13^ 
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The  capacity  ratio  then  is: 

A               0.21  T                  i       A                3.3  7  \ 
d  =  —  =    i  w  =  —  =   i  (12.14) 

cVN(l  -  0.06  nD)  \        A0     c  V7?  (1  -  0.018  nD)  / 

This  measures  the  relative  effort  demanded  of  the  tandem: 

If  6  <  1,  the  tandem  is  under  capacity 

If  6  =  1,  the  tandem  is  working  at  normal  capacity 

If  6  >  1,  the  tandem  is  overloaded,  or  working  above  normal  capacity. 

For  a  given  tandem,  c,  N  and  D  are  fixed,  n  generally  varies  only  between  very  narrow 
limits,  and  the  denominator  of  eqn.  (12.14)  may  be  calculated.  For  example:  c  =  1.22,  ./V 
-  15,  nD  =  5  (metric  units);  hence: 

c  VN  (1  -  0.06  nD)  =  3.3 

T  =  4.77  x  3.3  =  15.79 

Hence: 

„     0.21  x  15.79  . 


3.3 

and  it  is  seen  that,  for  a  given  tandem,  the  specific  fibre  loading  measures,  to  a  close  approx- 
imation, the  capacity  ratio. 


TONNAGE  RECORDS 


The  highest  capacities  recorded,  to  our  HfcowJedj^arethe  following: 

(a)  Tonnage  of  cane  crushed  in  24  hours  by  a  factory:  24,000  tonnes,  average  for  1979  at 
Sao  Martinho11. 

(b)  Capacity  of  one  tandem:  12,613  tonnes  (t.c.)  in  24  hours,  by  Bryant  in  Florida12,  in 
1978,  with  6  mills  990  x  2,134  mm  (39  x  84  in,),  or  approx.  525  t.c.h. 

(c)  Tonnage  of  cane  crushed  in  one  season:  2,781,021  tonnes  (t.c),  by  Central  Romana13, 
San  Domingo. 

(d)  Year's  production  of  sugar  by  a  factory:  295,939  tonnes,  by  Central  Romana13,  in 
1960. 
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13.  Mill  Settings 


OBJECT 

"Setting"  a  mill  consists  of  selecting  the  most  favourable  relative  positions  to  be  given  to 
the  3  rollers  and  the  trashplate,  in  order  to  obtain  the  best  conditions  for  feeding  and  the 
best  extraction  results. 

Every  mill  has  provision  for  adjustments  (Fig.  13.1)  permitting  alterations  to  be  made  to 
the  position  at  rest  of  each  of  the  two  lower  rollers  relative  to  the  top  roller.  The  relative  posi- 
tions with  the  mill  empty  determine  those  when  operating,  when  the  top  roller  lifts  against 
the  hydraulic  pressure,  under  the  thrust  of  the  bagasse. 


Fig.  13.1.  Mill  housing  showing  wedges  and  screws  for  adjustment  of  rollers  (Fives  Cail  —  Babcock). 

Adjustment  of  settings  is  a  delicate  and  important  operation.  A  good  setting  is  indispen- 
sable for  obtaining  good  operation  of  the  mill,  that  is,  regular  operation  without  choking  and 
with  a  suitable  extraction. 

The  settings  include  two  main  adjustments: 

(A)  The  setting  of  the  feed  and  delivery  openings 

(B)  The  setting  of  the  trashplate. 
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A.  Feed  and  Delivery  Openings 

The  front  roller  is  a  feeding  apparatus;  the  delivery  roller  a  pressure  device.  The  feed  opening 
should  obviously  be  greater  than  the  delivery  opening:  if  they  were  made  equal,  either  the 
output  of  the  mill  would  be  ridiculously  low  (small  openings),  or  the  pressure  would  be  very 
poor  (large  openings). 

The  three-roller  mill  would  in  fact  not  be  justified:  its  success  and  its  universal  adoption 
are  due  to  the  fact  that,  due  to  the  feed-roller  pressure  and  the  go-between  of  the  trashplate, 
it  permits  of  delivery-roller  pressures  which  would  be  unobtainable  in  a  unit  of  two  rollers. 

On  the  other  hand,  if  the  feed  opening  were  much  to  wide,  the  bagasse  arriving  at  the 
delivery  roller  would  be  much  too  wet,  and  the  mill  would  choke  or  would  give  very  poor 
results. 

There  is  then  an  optimum  ratio  between  the  two  openings,  for  a  given  set  of  conditions. 
It  is  a  question  of  determining  this  ratio. 

This  problem  does  not  allow  of  a  mathematical  solution:  the  adjustment  is  in  reality  an 
art,  based  on  empirical  considerations.  But  it  involves  some  calculations,  if  logical  and  op- 
timal solutions  are  to  be  attained. 

It  is  always  the  delivery  opening  that  is  calculated  first;  the  feed  opening  is  next  calculated 
according  to  the  value  found. 

MEASURE  OF  THE  OPENINGS 

The  openings  are  expressed  as  those  between  the  mean  diameters  of  the  rollers  considered. 

When  the  grooving  of  the  two  rollers  is  similar,  the  opening  is  expressed  very  simply:  the 
opening  is  represented  by  the  distance  between  any  two  points  on  the  surface  of  the  two 
rollers,  situated  in  their  common  axial  plane  and  in  the  same  plane  perpendicular  to  the  two 
axes  (Fig.  13.2). 

When  the  two  rollers  have  different  grooving,  care  must  be  taken  to  measure  the  mean 
diameters  which  are  represented  for  each  roller  by  the  mean  of  the  diameter  at  the  tips  of 
the  teeth  and  that  at  the  bottom  of  the  grooves  (Fig.  13.3). 

With  complex  grooving,  the  mean  diameter  is  calculated  as  that  defined  by  the  straight  line 
which,  on  a  longitudinal  section  of  the  roller,  intercepts  equal  full  and  empty  areas.  In  other 


Fig.  13.2.  Measure  of  openings  with  equal  grooving.      Fig.  13.3.  Measure  of  openings  with  different  grooving. 
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words,  the  mean  diameter  is  the  diameter  of  the  geometric  cylinder  having  the  same  length 
and  the  same  volume  as  the  mill  roller  under  consideration. 

However,  the  Messchaerts  should  not  be  taken  into  account  in  the  determination  of  mean 
diameter  by  calculation  or  drawing. 


The  established  method  of  determining  settings  is  that  of  the  Experiment  Station  of  Java. 
The  method  adopted  is  the  following: 

(1)  Choice  of  mill  speeds 

(2)  Calculation  of  the  delivery  opening 

(3)  Calculation  of  the  feed  opening. 

1.  Choice  of  mill  speeds 

It  was  considered  in  Java  that  mill  speeds  were  not  unimportant.  We  have  already  seen  (p. 
182)  that  the  Javan  engineers  had  definite  ideas  on  the  value  as  well  as  on  the  sequence  of 
speeds  in  a  milling  plant. 

The  Experiment  Station  had  accordingly  established  a  table  of  average  values  for  Java  of 
the  thickness  of  bagasse  blanket  in  each  type  of  tandem,  from  the  first  to  the  last  mill.  This 
was  expressed  in  grams  of  fibre  per  square  decimetre  of  area  described  by  a  generatrix  of 
the  roller  (or  "escribed  area"). 

We  may  comment  in  passing  that  we  find  again  here,  in  a  different  unit,  our  concept  of 
the  fibre  loading,  the  use  of  which  in  Java,  long  before  our  mention  of  it,  confirms  its  impor- 
tance. We  have: 


The  Java  table  gave  this  value  for  the  standard  mill  of  762  x  1,524  mm  (30  x  60  in.). 
For  a  mill  of  different  diameter,  we  should  have,  following  the  principle  that  thickness  of 
bagasse  is  proportional  to  diameter: 


The  Experiment  Station  recommended  that  a  mill  speed  should  be  taken  which  would  give 
a  bagasse  layer  corresponding  to  that  shown  in  the  table.  The  calculation  is  very  easy.  We 
illustrate  it  by  an  example: 

Example.  Tandem  of  15  rollers  813  x  1,675  mm  (32  x  66  in.),  which  is  required  to  crush 
120  t.c.h.  at  14%  fibre.  The  speed  of  the  3rd  mill  is  required. 
The  table  (Table  13.1)  gives  q  -  157  g/dm2.  For  a  roller  of  813  mm,  this  corresponds  to: 
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1  g/dm2  =  100  g/m2  =  0.1  kg/m2  (=  0.0205  lb./sq.ft.) 


D' 


Q  ~  D 


q'  =  157  x 


762 


=  168  g/dm2 
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The  weight  of  fibre  to  be  treated  is: 


120,000  x  0,14  = 


16,800  kg/h 


Hence  the  area  5  to  be  escribed  by  the  roller: 


16,800,000 


=  168  g/dm2 


5  = 


100,000  dm  Vh 


Now: 


S  = 


QdmrDL  =  60  X  mr  x  8.13  X  16.75  =  100,000 


whence: 


n 


=  3.9  r.p.m. 


This  speed  is  low  for  the  tonnage  planned.  We  have  already  commented  that  the  speeds 
practised  in  Java  were  low,  particularly  in  the  later  mills  of  the  tandem. 

It  must  be  added,  however,  that  the  Java  method  would  be  equally  applicable  to  mills 
operating  at  speeds  higher  than  those  given  by  Table  13.1,  the  important  point  being  the  fibre 
index  rather  than  the  fibre  loading. 

2.  Calculation  of  delivery  opening 

It  is  now  a  matter  of  fixing  the  delivery  opening  with  the  mill  at  rest.  For  this  we  begin  by 
determining  the  opening  during  operation. 


A' 


Fig.  13.4.  Lift  of  accumulators. 
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The  Experiment  Station  similarly  furnishes  a  table  of  mean  values  recommended  for  the 
weight  of  fibre  passed  through  unit  volume  of  delivery  opening  while  operating,  in  other 
words,  the  fibre  index  for  each  mill. 

The  complete  table  is  given  in  Table  13.1.  The  Station  recommended  adoption  of  a  delivery 
opening  while  operating  which  would  furnish  a  weight  of  fibre  per  unit  volume  equal  to  that 
given  by  the  table. 

TABLE  13.1 
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Tandem 

4  mills 

Crusher  +  4  mills          Crusher  + 

shredder  +  4  mills 

5  mills 

Crusher  +  5  mills 

q  = 

■■  g  fibre  per  dm2 

of  escribed  roller  surface  (D  = 

762  mm) 

Crusher 

113 

115 

107 

1st  mill 

96 

130 

137 

101 

132 

2nd  mill 

135 

150 

143 

143 

147 

3rd  mill 

144 

167 

156 

157 

166 

4th  mill 

166 

179 

159 

168 

174 

5th  mill 

183 

189 

=  g  fibre  per  dm3  escribed  volume  delivery  (fibre 

index) 

Crusher 

390 

330 

320 

1st  mill 

530 

610 

570  . 

370 

620 

2nd  mill 

610 

750 

670 

640 

720 

3rd  mill 

570 

840 

720 

800 

810 

4th  mill 

620 

940 

770 

910 

870 

5th  mill 

960 

960 

Example.  Continuing  the  calculation  of  the  previous  example,  the  operating  delivery  work 
opening  will  have  a  value  of: 


e.  =  t-  =           =  0.21  dm  =  21  mm 

A       <}>  800 


From  the  operating  delivery  opening,  the  opening  "at  rest"  is  derived  by  assuming  that 
the  mean  lift  of  the  top  roller  has  an  optimum  value  of  20%  of  the  mean  value  of  the 
operating  opening  (method  of  Helmer);  30%  is  also  sometimes  recommended1,  a  value  which 
would  appear  preferable.  In  the  foregoing  example,  we  would  have  then: 


Desired  lift  of  the  top  roller  =  Ah  =  21   X  0.30  =  6.3  mm 


whence  (cf.  Fig.  13.4): 

corresponding  change  in  the  delivery  opening: 


Ae  =  Ah  cos  -  =  6.3  X  0.8  =  5  mm 
2 
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Hence: 

Delivery  opening,  after  deducting  lift  =  S'  =21  -  5  =  16  mm 

The  method  employed  in  Java  took  full  account  of  the  corrections  necessary  to  convert 
from  theoretical  openings  (measured  from  top  of  tooth  to  bottom  of  groove)  to  true  open- 
ings. In  particular,  the  empty  volume  due  to  chevrons  and  to  wear  and  breakages  of  teeth 
was  determined  by  a  test  with  a  piece  of  clay,  leading  to  the  same  results  as  the  procedure 
with  lead  which  we  have  recommended  (cf.  p.  124).  The  wear  of  the  rollers  at  the  centre  was 
likewise  taken  into  account.  All  these  corrections  were  deducted  from  the  value  chosen  for 
the  operating  opening  when  deciding  the  setting  "at  rest"  to  be  employed;  the  corrections 
for  wear  at  the  centre  and  for  the  free  volume  were  then  deducted  from  the  value  obtained. 
!f  these  totalled  4  mm,  we  would  have: 

Delivery  setting  for  mill  at  rest:  So  -  16  -  4  =  12  mm 

3.  Calculation  of  feed  opening 

The  feed  opening  during  operation  is  deduced  immediately  from  the  delivery  opening,  the 
ratio  between  the  two  openings  being  fixed  at  the  values  given  in  Table  13.2: 

TABLE  13.2 

RATIO  BETWEEN  FEED  AND  DELIVERY  openings  (WHEN 
operating)  IN  JAVA 

For  1st  mill:  2.2  if  preceded  by  a  crusher,  2.6  otherwise 

For  2nd  mill:  1.9 

For  3rd  mill  1.9 

For  4th  mill:  1.8 


Example.  Continuing  the  preceding  example,  the  operating  opening  at  the  feed  roller  will 
have  a  value  of: 

E  =  1.9  eA  =  40  mm 

Hence  the  opening  at  rest  (in  the  case  of  standard  symmetrical  housings): 

Feed  opening,  deducting  lift  =  a'  =  40  -  5  =  35  mm 

and,  with  the  corrections  for  wear  at  the  centre  and  for  free  volume,  taken  as  6  mm  for  the 
feed  roller: 

Feed  setting  required  for  mill  at  rest  =  o0  =  35  -  6  =  29  mm 


JAVA  METHOD 


205 


Application  of  the  Java  method  in  other  countries 

The  disadvantage  of  this  method  is  that  it  is  tied  to  the  Java  school  of  speeds.  Its  application, 
based  on  the  Java  table  (Table  13.1),  leads  to  low  and  decreasing  speeds.  However,  one  may 
not  be  a  partisan  of  this  school  of  thought,  and  in  consequence  the  mills  also  may  not  be 
designed  for  it.  The  French  manufacturers,  in  particular,  do  not  provide,  for  their  steam- 
engine  drives,  governor  pulleys  permitting  of  such  low  speeds,  and  their  steam  engines,  elec- 
tric motors  and  turbines  would  be  too  powerful  and  would  function  below  economical  condi- 
tions. Finally,  tandems  with  combined  drive  do  not  permit  of  giving  each  mill  a  particular 
speed,  which  the  Javan  table  demands. 

TABLE  13.3 

SETTINGS  FOR  MILLS  IN  QUEENSLAND  (JAVA  METHOD) 


Tandem  3  mills  4  mills  5  mills 


1 

q' 

1 

q' 

2 

q' 

1st  mill 

112 

2.3 

117 

2.4 

102 

2.1 

2nd  mill 

107 

2.2 

122 

2.5 

137 

2.8 

3rd  mill 

102 

2.1 

132 

2.6 

112 

2.3 

4th  mill 

122 

2.5 

127 

2.6 

5th  mill 

97 

2.0 

<t> 

4>' 

<t> 

<t>' 

1st  mill 

450 

28 

384 

24 

336 

21 

2nd  mill 

512 

32 

464 

29 

450 

28 

3rd  mill 

800 

50 

545 

34 

480 

30 

4th  mill 

672 

42 

496 

31 

5th  mill 

672 

42 

q  =  g  fibre  per  dm2  roller  surface  (D  =  762  mm)  in. 
q'  =  lb.  fibre  per  sq.ft.  escribed  surface  (D  =  30) 
0  =  g  fibre  per  dm3  delivery  opening 
</>'  =  lb.  fibre  per  cu.ft.  escribed  volume  (delivery). 


However,  certain  countries  have  adopted  the  principle  of  the  Java  method,  while  modify- 
ing the  table.  Table  13.3  gives  the  table  constructed  by  Behne,  following  the  settings  practised 
in  Queensland2. 

This  table  was  established  for  mills  with  fixed  top  roller,  which  were  frequent  at  the  time 
in  Queensland.  Settings  for  these  would  not  be  the  same  as  for  mills  with  hydraulics. 

Russell3  comments  that,  in  1968,  most  Australian  factories,  independent  of  the  number  of 
mills  in  the  tandem,  used  figures  of  0  =  486  g/dm3  (30.3  lb. /cu.ft.)  for  the  first  mill,  and 
821  (51.3)  for  the  last,  intermediate  mills  having  figures  between  these  values. 

Optimal  values  for  the  Java  table 

Douwes  Dekker  and  Van  Hengel4  have  commented  that  the  best  figures  for  fibre  in  bagasse, 
and  hence  the  best  individual  mill  extractions,  were  obtained  in  Java  by  mills  in  which  the 
delivery  opening  when  operating  was  designed  for  a  ratio  (/>//'  =  1 .75  kg/dm3  (109  lb. /cu.ft.). 
Now  we  have  (cf.  p.  142): 


(13.1) 
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Hence,  replacing  <t>  by  its  optimal  value  of  1.75/  (109/): 


Af 


dm 


I"-4      20,600  nDLf  J 


(13.2) 


e 


A  ~ 


~  330  nDLf 


/'  being  fibre  per  unit  of  bagasse  for  the  mill  considered.  Values  for  /'  will  preferably  be 
chosen  as  suggested  by  Table  13.7. 

From  the  opening  while  operating,  eA,  thus  derived,  we  calculate  the  opening  for  the  emp- 
ty mill,  so,  as  indicated  above  (p.  203),  taking  for  average  lift  30%  of  the  maximal  lift  possi- 
ble. 

We  may  comment  that  the  value  thus  recommended  by  Douwes  Dekker  and  Van  Hengel 
gives,  for  a  15-roller  tandem,  and  for  the  fibre  figures  of  Table  13.6,  fibre  indices  of  530, 
705,  785,  865,  and  915  kg/m3  (33,  44,  49,  54,  and  57  lb./cu.ft.),  respectively,  for  mills  1  to  5. 

We  may  comment  also  that  these  values  adopted  in  the  Java  method  for  the  fibre  index 
fix  the  re-absorption  factor  r.  Taking  for  example  the  bagasse  from  the  first  mill,  with  <j>  = 
530  kg/m3  (33  lb./cu.ft.),  the  weight  of  bagasse  (of  0.30  fibre  content)  corresponding  to  this 
weight  of  fibre  will  be  530/0.30  =  1,765  kg  (33/0.30  =  1101b.).  This  1,765  kg  (110  lb.)  of 
bagasse  will  occupy  a  no-void  volume  (cf.  p.  134)  of  (1,765  x  0.873)/l,000  =  1.54  m3  (110 
x  0.873)/62.4  =  1.54  cu.ft.).  If  this  is  to  pass  through  1  m3  (1  cu.ft.)  of  delivery  opening, 
the  re-absorption  factor  must  be  r  =  1.54;  a  similar  calculation  for  the  5  mills  would  give 
a  re-absorption  factor  ranging  from  1.54  to  1.43  from  the  first  to  the  last  mill.  Actually,  the 
opening  derived  by  this  calculation  is  not  necessarily  that  assumed  by  the  mill,  the  top  roller 
of  which  will  lift  more  or  less  than  estimated.  The  re-absorption  factor  accordingly  may  be 
different. 

Nevertheless,  we  still  regard  the  values  recommended  by  Douwes  Dekker  and  Van  Hengel 
as  very  valuable. 


We  shall  give  the  calculations  in  the  same  order  as  previously. 
1.  Choice  of  mill  speeds 

We  attach  to  the  speed  of  the  mills  only  a  secondary  importance,  on  the  condition,  of  course, 
that  it  remains  between  normal  limits  (cf.  p.  181).  The  speed  is  nearly  always  fixed  by  the 
necessity  to  attain  a  given  tonnage. 
The  optimal  value  is  given  by: 

1,000  Af  =  60  n0irDLq0  =  60  tm0D2Lto    (2,240  Af  =  60  noirDLq0  =  60  irnQD2Ln) 
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whence: 


Af 


I 


Af  \ 


=  5.3 


no  =  11.88 


(13.3) 


LD2To 


\ 


LD2t0} 
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no  =  optimal  speed,  in  r.p.m. 

A  =  crushing  rate  required  of  the  tandem,  in  t.c.h. 

/    =  fibre  per  unit  of  cane 

L  =  length  of  rollers,  in  m  (ft.) 

D  =  diameter  of  rollers,  in  m  (ft.) 

qo  =  optimal  fibre  loading,  in  kg/m2  (lb. /sq.ft.) 

TO  =  optimal  specific  fibre  loading,  given  by  eqn.  (12.12),  in  kg/m2/m  (lb. /sq.ft. /ft.). 

If,  for,any reason,  this  optimal  speed  cannot  be  realised,  we  shall  simply  endeavour  to  ap- 
proach it  as  closely  as  possible,  and  adopt  the  speed  which  we  are  able  to  attain,  even  if  it 
be  appreciably  different. 

Further,  this  speed  may  be  made  constant  throughout  the  tandem,  or  decreasing  from  the 
first  to  last  mill,  or  better,  slightly  increasing. 

2.  Calculation  of  operating  delivery  opening 

We  shall  illustrate  the  calculation  by  a  concrete  example. 

Example.  It  is  required  to  calculate  the  operating  delivery  openings  for  a  15-roller  tandem 
of  990  X  2,134  mm  (39  X  84  in.),  following  three  sets  of  knives  and  a  shredder: 

Crushing  rate  required:  A  =  300  t.c.h.  with  fibre/ =  0.15 
Speed:  n   =  6  r.p.m. 

Imbibition:  X    =  2  distributed  between  the  last  two  mills  (cf.  eqn.  (19.6)). 

Sequence  required  for  fibre  contents  of  successive  bagasses:  33-42-46-48-50. 

We  assume  that  the  brix  of  the  residual  juices  in  the  successive  bagasses  are  those  found 
in  the  calculation  in  the  second  edition  (pp.  282-285): 


Bx  = 

18.74 

density  = 

1.075 

density  under  pressure  = 

1.01 

X 

1.075  = 

1.086 

Bz  = 

16.28  density  = 

1.065 

density  under  pressure  = 

1.01 

X 

1.065  = 

1.076 

Bi  = 

12.63 

density  = 

1.049  density  under  pressure  = 

1.01 

X 

1.049  = 

1.059 

B,  = 

8.71 

density  = 

1.033 

density  under  pressure  = 

1.01 

X 

1.033  = 

1.043 

B$  = 

6.32 

density  - 

1.023 

density  under  pressure  = 

1.01 

X 

1.023  = 

1.033 

We  now  calculate  the  volumes  and  the  densities  for  the  various  bagasses  under  pressure 
(cf.  eqns.  (10.15)  and  (10.17)); 


1st  mill: 

V0  = 

1  .  uo  o 

"    0-86)    0-33    =  0-8400 

dx  = 

0.8400 

1.190  kg/m3  (74.3  Ib./cu.ft.) 

2nd  mill: 

V0  = 

I 

1 .076 

-  0.86)  0.42  =  0.8222 

M.076  ' 

d2  = 

I  _ 
0.8222 

1.216  kg/m3  (75.9  Ib./cu.ft.) 

3rd  mill: 

V0  = 

1  _ 
1.059 

(  '-2    -  0.86)  0.46  -  0.8187 

d>  = 

1  _ 

0.8187 

1.221  kg/m3  (76.2  Ib./cu.ft.) 
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4th  mill:  V0  =  -  -  0.86)  0.48  =  0.8193 

dA  =  ^=  1.221  kg/m*  (76.2  lb./cu.ft.) 

5th  mill:  V0  =  -  -  0.86)  0.50  -  0.8172 

ds  =  — !—  =  1.224  kg/m3  (76.4  lb./cu.ft.) 


It  now  remains  to  fix  a  value  for  the  re-absorption  factor;  but  we  can  only  form  an  approx- 
imate idea  of  its  value.  We  shall  not  make  use,  for  this,  of  the  formulae  (10.7.4)  and  (10.75), 
on  account  of  the  uncertainty  of  the  constant  term  and  of  the  coefficients  v  and  in  the  com- 
plete formula.  We  obtain  an  approximation  to  the  factor  by  assuming  that  these  two  factors 
play  an  equal  role,  in  other  words,  by  taking  the  mean  between  the  results  of  eqns.  (10.73) 
and  (10.75). 

The  former  gives:  r'  =  1.06  +  (0.017  x  18.66)  =  1.377  for  all  mills. 

For  the  latter,  we  assume  as  a  probable  and  desirable  fibre-index  value  that  suggested  by 
Douwes  Dekker  and  Van  Hengel:  0  =  1.75/',  from  which:  0.65  <t>  =  1.1375 /'. 
Hence: 

1st  mill:  r['  =  0.87  +  (1.1375  X  0.33)  =  1.245  r  =  \  (1.377  +  1.245)  =  1.311 
2nd  mill:  r'2'  =  0.87  +  (1.1375  x  0.42)  =  1.348  r  =  J  (1.377  +  1.348)  =  1.362 
3rd  mill:  r3"  =  0.87  +  (1.1375  x  0.46)  =  1.393  r  =  ±(1.377  +  1.393)  =  1.385 
4th  mill:  r'A'  =  0.87  +  (1.1375  X  0.48)  =  1.416  r  =  ±(1-377  +  1.416)  =  1.396 
5th  mill:  r5"  =  0.87  +  (1.1375  X  0.50)  =  1.439     r  =  ±(1-377  +  1.439)  =  1.408 

We  must  have  no  illusions  as  to  the  precision  of  these  values  for  the  re-absorption  factor. 
However,  we  have  no  way  of  estimating  them  more  accurately,  and  a  more  accurate  figure 
would  not  appreciably  alter  the  value  of  the  setting  which  we  require.  We  thus  have  to  be 
content  with  this  approximation. 

We  now  write  that  the  volume  of  bagasse  passing  through  the  delivery  opening,  multiplied 
by  its  density  and  the  re-absorption  factor,  gives  the  weight  of  bagasse: 

60  nwDL  eA  dr  =  B  =  A  4  (13.4) 

hence: 


Af  1  Af  1/7 

e.  =  •   •     =  (13  5) 

A      60  tmDL  fdr      60  nnDL    <f>  <t> 


with: 


Af  300.000  x  0.15 

q  =    =  =  5  lb. /sq.ft.) 

60  imDL     60  x  3.1416  X  6  X  9.9  X  21.34  ~ 
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Hence  (eqns.  (10.40),  (13.5)): 


1st  mill:  fa 

=  0.33 

X 

1.190 

X 

1.311 

=  0.515 

eA  = 

0.188  _ 
0.515 

0.36 

dm 

=  36  mm 

2nd  mill:  fa 

=  0.42 

X 

1.216 

X 

1.362 

=  0.696 

eA  = 

CM88 
0.696 

0.27 

dm 

=  27  mm 

3rd  mill:  03 

=  0.46 

X 

1.221 

X 

1.385 

=  0.778 

eA  = 

0.188  _ 
0.778 

0.24 

dm 

=  24  mm 

4th  mill:  04 

=  0.48 

X 

1.221 

X 

1.396 

=  0.818 

eA  = 

0.188  _ 
0.818 

0.23 

dm 

=  23  mm 

5th  mill:  fa 

=  0.50 

X 

1.224 

X 

1.408 

=  0.862 

eA  = 

0.188  _ 

0.862 

0.22 

dm 

=  22  mm 

If  we  had  used  the  values  for  0  from  Java  (Table  13.1)  or  from  Russel]  (Table  13.3),  we 
should  have  had: 


0  Java     0  Russell    eA  Java    eA  Russell  eA  calculated 


1st  mill: 

01  = 

370 

486  g/dm3 

51 

39 

36 

mm 

2nd  mill: 

fa  = 

640 

570  g/dm3 

29 

33 

27 

mm 

3rd  mill: 

fa  = 

800 

654  g/dm3 

24 

29 

24 

mm 

4th  mill: 

fa  = 

910 

737  g/dm3 

21 

26 

23 

mm 

5th  mill: 

fa  = 

960 

821  g/dm3 

20 

23 

22 

mm 

Though  differing  somewhat  due  to  the  uncertainty  of  the  value  of  the  re-absorption  factor, 
these  figures  are  quite  useful  in  practice. 

3.  Delivery  opening  with  mill  empty 

Knowing  the  openings  when  operating,  we  now  proceed  to  fix  their  values  with  the  mill  at 
rest. 

It  is  customary  to  adopt  a  value  as  large  as  possible,  but  nevertheless  sufficiently  small  to 
avoid  the  risk  of  the  top  roller  working  on  its  lower  bearings  when  fluctuations  in  feed  reduce 
the  blanket  of  bagasse.  A  safety  coefficient  is  therefore  adopted,  and  the  practice  is  to  allow 
a  greater  margin  of  safety  when  there  are  fewer  mills  following  the  one  under  consideration. 
We  designate  this  safety  coefficient  by  \p: 

_         delivery  opening  when  empty    _  ^  ^ 

average  delivery  opening  when  working 

This  coefficient  i^is  not  of  great  importance  and  consequently  varies  widely.  Its  only  object 
in  effect  is  to  assure  that  the  bagasse  will  be  constantly  under  full  pressure.  The  margin  of 
safety  which  it  allows  should  be  greater  when  the  throughput  of  the  mill  is  liable  to  be  ir- 
regular. 

Table  13.4  gives  values  of  this  coefficient  as  advised  by  Farrel  (1971),  the  values  ranging 
from  0.773  for  the  first  mill  to  0.435  for  the  last,  and  varying  according  to  the  number  of 
mills  in  the  tandem. 
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TABLE  13.4 


ratio  \p  of  empty  to  operating  values  of  delivery  opening 

(Farml) 


Tandem 

4  mills 

5  mills 

6  mills 

7  mills 

1st  mill 

0.773 

0.773 

0.773 

0.773 

2nd  mill 

0.657 

0.657 

0.690 

0.707 

3rd  mill 

0.555 

0.555 

0.594 

0.619 

4th  mill 

0.473 

0.473 

0.524 

0.555 

5th  mill 

0.435 

0.473 

0.505 

6th  mill 

0.435 

0.455 

7th  mill  0.435 


Table  13.5  gives  values  recommended  by  Fives  Cail-Babcock  and  by  the  author. 


TABLE  13.5 

RATIO  \[r  OF  EMPTY  TO  OPERATING  VALUES  OF  DELIVERY 

OPENING  (FIVES  Cail  -  BABC0CK,  FCB;  author,  EH) 


FCB  EH 


Crusher  0.6 

1st  mill  0.65  0.5 

2nd  mill  0.4  0.4 

Intermediate  mills  0.5  0.35 

Penultimate  mill  0.5  0.3 

Final  mill  0.45  0.25 


Continuing  the  previous  example,  we  take  as  delivery  settings  (empty): 


1st  mill:  So 
2nd  mill:  s0 
3rd  mill:  so 
4th  mill:  So 
5th  mill:  So 


36  x  0.50  = 

27  x  0.40  = 

24  x  0.35  = 

23  X  0.30  = 

22  x  0.25  = 


18  mm  (0.70  in.) 
11  mm  (0.43  in.) 

8  mm  (0.33  in.) 

7  mm  (0.27  in.) 

5  mm  (0.22  in.) 


4.  Calculation  of  feed  opening 

We  return  here  to  the  Java  solution,  which  consists  of  fixing  a  certain  ratio  m  of  the 
operating  openings  at  feed  and  delivery: 

mean  feed  opening  in  operation 

m  -   — -  r — ; —  . —  n*J) 

mean  delivery  opening  in  operation 

Table  13.6  indicates  values  recommended  for  the  ratio  m  by  Farrel,  by  Fives 
Cail-Babcock  (FCB)  and  by  the  author  (EH). 
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RATIO  Til  Of  FEED  TO  DELIVERY  OPENINGS  IN  OPERATION 


Farrel 

FCB 

EH 

1st  mill 

2 

2.3-2.5 

2.2 

2nd  mill 

2.2 

2.2-2.3 

1.9 

3rd  mill 

2.4 

2.1 

1.8 

4th  mill 

2.6 

2 

1.7 

5th  mill 

2.8 

1.9 

1.7 

6th  and  later  mills 

3 

1.8 

1.7 

It  will  be  seen  that  there  is  a  very  wide  divergence  between  the  different  values  recommend- 
ed. This  arises  to  a  great  degree  from  the  predominance  given  in  the  American  hemisphere 
to  capacity  rather  than  extraction. 

From  the  operating  feed  openings  thus  determined,  we  return  to  consideration  of  the  emp- 
ty openings  with  the  comment  that,  in  mills  of  typical  design  with  vertical  caps,  the  feed  and 
delivery  openings  increase  by  the  same  amount  as  the  roller  lifts. 


Example.  Continuing  our  example,  we  have  the  feed  openings  while  operating: 


1st  mill:  EA  =  36  x 

2nd  mill:  EA  =  27  x 

3rd  mill:  EA  =  24  x 

4th  mill:  EA  =  23  x 

5th  mill:  EA  =  22  x 


2.2  =  79  mm  (3.12  in.) 
1.9  =  51  mm  (2.00  in.) 
1.8  =  43  mm  (1.70  in.) 
1.7  =  39  mm  (1.54  in.) 
1.7  =  37  mm  (1.47  in.) 


The  opening  when  empty  is  equal  to  the  operating  opening  reduced  by  the  difference  bet- 
ween the  operating  and  empty  settings:  E0  =  s  +  EA  -  eA. 


Example. 


1st  mill:  Eo  = 

18 

+ 

79  - 

36 

=  61  mm  (2.40  in.) 

2nd  mill:  Eo  = 

11 

+ 

51  - 

27 

=  35  mm  (1.38  in.) 

3rd  mill:  Eo  = 

8 

+ 

43  - 

24 

=  27  mm  (1.06  in.) 

4th  mill:  Eo  = 

7 

+ 

39  - 

23 

=  23  mm  (0.90  in.) 

5th  mill:  E0  = 

5 

+ 

37  - 

22 

=  20  mm  (0.79  in.) 

Corrections  for  wear  are  to  be  added,  as  in  the  Java  method.  We  may  allow  1  -2  mm  for 
a  new  mill,  3  -  4  in  an  old  mill. 


Value  of  the  ratio  m  in  various  countries.  We  have  given  the  ratios  adopted  in  Java  (Table 
13.2). 

In  Australia,  Behne5  recommends  ratios  m  varying  from  2.3  to  2.6  for  the  first  mill  to 
2.5-3.0  at  the  last  mill. 
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In  Louisiana,  Lowe  advises  increasing  gradually  from  1 .75  at  the  first  mill  to  2.25  at  the 
last. 

In  Cuba,  Maiz7  indicates  ratios  ranging  from  1.80  at  the  first  mill,  2.5  at  the  second,  to 
2.75  at  the  last,  for  a  6-mill  tandem. 

For  the  reasons  given  above,  the  author  considers  that  the  high  values  of  m  quoted  in  these 
countries  are  due  to  neglecting  to  calculate  the  openings  when  the  roller  begins  to  exert 
pressure  (cf.  p.  122).  If  these  are  taken  into  account  and  determined  with  care,  it  will  be 
found  that  the  values  proposed  in  Table  13.6  are  generally  sufficient  and  that  even  lower 
values  can  be  used.  We  have  operated  and  obtained  excellent  results  with  heavily  loaded  final 
mills  set  with  a  ratio  m  of  1.6.  If  the  mean  lift  is  merely  added  to  the  opening  at  rest,  er- 
roneous and  very  high  values  of  m  will  obviously  be  found. 

Variation  of  fibre  along  the  tandem 

Calculation  of  the  operating  delivery  opening  (p.  207)  is  based  on  the  fibre  content  of  the 
bagasses  leaving  the  various  mills  of  the  tandem.  How  does  this  factor  vary  along  the 
tandem? 

For  correctly  set  mills,  the  fibre  percentages  of  Table  13.7  may  be  taken: 

TABLE  13.7 

VARIATION  OF  FIBRE  / '  IN  BAGASSE  ALONG  THE  TANDEM 

Crusher     1st  mill     2nd  mill    3rd  mill     4th  mill     5th  mill      6th  mill 


i  unaem  vj  - 
11  rollers 

28  40 

46 

50 

14  rollers 

28  40 

44 

48 

51 

17  rollers 

28  40 

44 

47 

50 

52 

Tandem  of: 

12  rollers 

33 

42 

47 

51 

15  rollers 

33 

42 

46 

50 

52 

18  rollers 

33 

42 

45 

48 

50 

Douwes  Dekker  and  Van  Hengei1  suggest: 

Tandem  of  15  rollers 

32 

40 

45 

48 

50 

Tandem  of  18  rollers 

30 

39 

43 

46 

48 

Actually,  these  values  vary  slightly  with  the  fibre  and  variety  of  cane,  but  there  is  little 
disadvantage  in  adopting  the  values  indicated  in  Table  13.7,  in  the  absence  of  more  precise 
data. 


DELIVERY  OPENINGS  AND  FIBRE  LOADING 

The  delivery  openings  during  operation  of  the  mill  depend  on  the  state  of  preparation  and 
the  degree  of  previous  breaking  up  of  the  cane,  on  the  hydraulic  pressure  (to  some  extent), 
on  the  re-absorption  coefficient,  but  particularly  on  the  fibre  loading.  If,  for  normal  condi- 


TABLE  13.8 


VALUE  OF  RATIO  e  J q  OF  DELIVERY  OPENING  IN  OPERATION  TO  FIBRE  INDEX  (q  IN  kg/m2) 


Tandem 

N  = 

12 

EH 

N  = 

14 

N  =  15 

N  =  17 

N  = 

18 

N 

=  21 

FAR 

FCB 

FCB 

EH 

FAR 

FCB 

EH 

EH 

FAR 

EH 

FAR 

EH 

Crusher 

2.76 

2.34 

2.34 

1st  mill 

2.62 

2.07 

1.90 

1.80 

1.53 

2.62 

2.07 

1.90 

1.53 

2.62 

1.90 

2.62 

1.90 

2nd  mill 

1.73 

1.41 

1.45 

1.34 

1.36 

1.73 

1.46 

1.45 

1,36 

1.97 

1.45 

2.03 

1.45 

3rd  mill 

1.31 

0.91 

1.28 

0.90 

1.22. 

1.31 

0.97 

1.30 

1.23 

.  1.48 

1.32 

1.56 

1.32 

4th  mill 

1.13 

0.85 

1.15 

0.80 

1.14 

1.15 

0.86 

1.20 

1.16 

1.25 

1.22 

1.34 

1.23 

5th  mill 

1.05 

0.79 

1.14 

1.13 

1.13 

1.16 

1.20 

1.17 

6th  mill 

1.05 

1.12 

1,09 

1.14 

7th  mill 

1.05 

1.12 

(For  opening  in  inches  per  lb. /sq.ft.  of  fibre  index,  multiply  the  figures  in  the  table  by  0.1922.) 
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tions  and  the  hydraulic  pressures  generally  employed,  we  express  the  delivery  openings  while 
operating,  eA,  as  a  ratio  of  the  fibre  loading,  q,  we  shall  obtain  figures  applicable  to  mills 
of  all  dimensions,  and  thus  of  general  value,  and  sufficiently  accurate  for  practical  needs. 
These  values  have  particularly  the  great  advantage  of  avdiding  the  preceding  calculations  and 
of  giving  a  practically  immediate  solution  to  the  problem  of  determining  settings. 

Table  13.8  gives  the  values  of  the  ratio  eA/q,  as  ascertained  from  the  instructions  of  Far- 
rel  (FAR)  and  of  Fives  Cail  -  Babcock  (FCB).  We  add  those  recommended  by  the  author 
(EH). 

The  operating  opening  for  any  mill,  therefore,  may  be  immediately  obtained  by  multiply- 
ing these  values  by  the  fibre  loading  q.  For  example,  if  q  =  10  kg/m2  (2  lb. /sq.ft.),  the 
following  will  be  the  delivery  openings  for  a  12-roller  tandem:  19,  14.5,  12.8  and  11.5  mm 
(0.74,  0.58,  0.50  and  0.46  in.). 

In  South  Africa,  certain  firms  are  content  with  calculating  working  openings  by  means  of 
the  simplified  formula: 

2.5  Cf 
&A  ~  nDLf 

which  reduces  to: 


(13.8) 


C  =  tonnage  crushed,  in  t.c.h. 

q   =  fibre  index,  in  kg/m2  (lb. /sq.ft.). 

To  reconcile  approximately  with  the  author's  figures,  it  is  necessary  at  least  in  metric  units 
to  replace  the  coefficient  0.47  by  0.64  or  the  coefficient  2.5  by  3.4  (or  better,  3.8,  3.4,  3.3, 
3.2  and  3.1  for  first  to  fifth  mills,  respectively).  This  formula  gives  very  low  values. 


EFFECT  OF  INCLINED  HOUSINGS 

We  have  assumed  (p.  21  1 )  that  the  feed  and  delivery  openings  increased  by  the  same  quantity 
when  the  top  roller  lifted.  This  is  obvious  in  the  case  of  the  classical  type  of  mill  with  vertical 
housings. 

However,  today  several  manufacturers  build  mill  housings  with  the  axis  of  the  caps  inclin- 
ed towards  the  feed  side  (Fig.  13.5). 

We  shall  proceed  to  calculate  for  this  case  the  ratio  of  the  increase  dE  of  the  feed  opening 
to  the  increase  de  of  the  delivery  opening: 


dE 

de 


(13.9) 
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Fig.  13.5.  Displacement  of  top  roller  in  mill  with  inclined  housing. 
Fig.  13.6.  Ratio  of  increase  dEof  feed  opening  to  increase  de  of  delivery  opening  (inclined  housing). 

In  Fig.  13.6,  let: 

a/2  be  the  half-top-angle  of  the  mill  (about  35°  in  general,  33|  for  Fives  Lille  housings) 
(3  be  the  inclination  of  the  mill  cap  (15°  in  nearly  all  cases). 
We  have: 


whence: 


(13.10) 


If  a/2  =  33.5°  and/3  =  15°: 

=  cos  48.5°  _  0.663 
M  ~  cos  1875=  ~  0.948 


It  follows  that,  when  the  delivery  opening  increases  or  decreases  by  25  mm  (1  in.),  the  feed 
opening  will  increase  or  decrease  by  18  mm  (0.7  in.). 
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With  the  aid  of  this  ratio,  it  is  easy,  in  a  mill  with  caps  mounted  in  inclined  housings,  to 
determine  the  empty  feed  and  delivery  settings  by  means  of  the  corresponding  operating 
openings  (cf.  p.  211). 

The  coefficients  m  adopted  for  the  standard  case  (Table  13.6)  will,  of  course,  be  retained; 
and  the  greater  values  given  for  the  feed  settings  "empty"  by  the  new  ratio  n  <  1  will  be 
accepted. 

Extent  of  hydraulic  lift  (Fives  Cail-Babcock,  1973).  Safety  considerations  have  led  certain 
manufacturers  to  provide  for  a  maximum  lift  of  the  top  roller.  This  lift  depends  not  only 
on  the  dimensions  of  the  mill.  Provision  for  it  should  not  be  neglected,  otherwise  the  passage 
of  a  stone  or  metallic  object  would  risk  serious  breakage.  Fives  Cail-Babcock  suggest 
calculating  the  normal  lift  of  the  roller  as  a  function  of  the  maximal  lift,  and  suggest  the 
following  normal  amounts  of  lift: 


Maximal  lift: 

15 

20 

25 

30 

35 

40 

45 

mm 

Normal  lift:  1st  mill: 

8 

10 

12 

13 

14 

16 

18 

mm 

2nd  mill: 

5 

6 

8 

10 

11 

12 

14 

mm 

Following  mills: 

4 

5 

1 

9 

10 

10 

10 

mm 

If  the  fibre  index  is  given,  the  normal  lift  will  fix  the  roller  speed  to  adopt. 

The  lift  adopted,  multiplied  by  the  coefficient  of  increase  of  opening  when  the  roller  lifts 
(0.8,  0.7,  0.96,  0.5,  etc.),  will  give  the  difference  between  the  working  opening  and  the  open- 
ing with  the  mill  empty. 


SETTINGS  EMPTY  AND  OPENINGS  IN  OPERATION 

We  have  just  shown  how  to  calculate  the  openings  to  be  given  to  the  rollers  at  rest;  openings 
which  are  commonly  designated  by  the  name  of  "settings". 

These  settings  for  the  empty  mill,  however,  have  only  a  secondary  importance.  What  is 
especially  important  is  the  values  assumed  by  the  openings  when  the  mill  is  operating.  The 
values  for  the  empty  mill  are  of  interest  only  in  the  case  where  the  irregularity  of  feeding 
causes  a  decrease  in  thickness  of  bagasse  blanket  of  the  order  of  the  coefficient  ^  (Tables 
13.4,  13.5).  If  the  value  ^  =  0.3,  which  we  have  proposed,  is  adopted  for  the  intermediate 
mills,  these  mills  will  cease  to  exert  their  full  pressure  as  soon  as  the  bagasse  blanket  has 
decreased  to  30%  of  its  mean  value. 

In  other  words,  the  settings  for  the  empty  mill  correspond  to  a  margin  of  safety  against 
irregularities  in  the  feed. 

Now,  a  great  many  persons  responsible  for  the  setting  of  mills  do  not  realise  this  fact,  and 
attach  considerable  importance  to  the  feed  and  delivery  settings  of  the  mill  when  empty.  It 
seems  childish  to  repeat  it,  but  a  long  experience  has  taught  us  that  it  is  desirable:  only  the 
difference  between  the  feed  and  delivery  openings  is  of  importance  (we  are  discussing  the  case 
of  standard  housings). 

Provided  the  margin  of  safety  is  exceeded,  it  is  of  little  importance  whether  the  mill  has 
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been  adjusted  to  a  setting  of  17/4  (feed  opening,  empty  =  17  mm;  delivery  opening,  empty 
=  4  mm)  or  16/3,  or  15/2,  or  14/1,  or  13/0  (i.e.  13  mm  at  feed,  and  metal  to  metal  at 
delivery).  In  all  these  cases,  the  mill  will  function,  in  normal  regular  operation,  with  openings 
of  26/13  and,  as  long  as  the  roller  has  not  descended  to  17/4,  nothing  will  reveal  whether 
its  stop  is  located  at  1,  2,  or  9  mm  lower. 

Conversely,  when  the  top  roller  rests  on  its  stops  at  17/4,  it  should  rise  as  soon  as  the 
bagasse  blanket  has  exceeded  the  thickness  corresponding  to  4  mm  under  the  r.h.p.  acting, 
and  nothing  will  prevent  it  attaining  26/13  if  a  normal  quantity  of  cane  is  supplied  to  it.  It 
will  not  rise  less  readily  nor  float  less  readily  if  it  starts  from  13/0  than  if  it  starts  from  17/4. 

Although  the  margins  of  safety  provided  by  our  coefficients  ^  are  sufficient,  there  would 
be  no  disadvantage  in  setting  the  mill  at  13/0  instead  of  17/4.  This  would  not  be  a  fault. 

It  is  by  no  means  the  same  if  a  setting  of  17/0  is  adopted  instead  of  17/4. 

It  is  a  rather  frequent  tendency  with  many  engineers  to  close  in  the  delivery  roller.  If  this 
is  done  while  maintaining  the  difference  given  by  the  calculation,  it  is  not  serious,  but  very 
generally  the  opposite  is  found,  and  the  operation  of  the  mill  and  its  extraction  suffer  in 
consequence. 

As  it  is  peculiarly  difficult  to  make  this  understood,  it  is  preferable  simply  to  insist  upon 
the  normal  setting,  which  has  been  fixed  by  calculation  and  by  practice. 

We  say  "and  by  practice".  Actually,  the  calculation  furnishes  interesting  information,  but 
only  experience  and  practice  will  permit  of  a  final  decision  on  the  exact  value  of  the  ratio  m 
to  be  adopted  for  each  mill.  It  may  sometimes  be  advisable  to  modify  slightly  the  values  in- 
dicated in  Table  13.6. 

B.  Trashplate 

The  position  of  the  trashplate  has  a  great  influence  on  the  smooth  operation  of  the  mill. 
Now,  the  correct  setting  of  the  trashplate  is  a  delicate  operation. 
To  define  its  position  completely,  it  is  necessary  to  know  (Fig.  13.7): 


Fig.  13.7.  Position  of  trashplate. 
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(a)  The  position  of  the  point  B  where  the  toe  of  the  trashplate  meets  the  feed  roller 

(b)  The  dimension  A,  the  distance  from  the  toe  of  the  plate  to  the  top  roller. 

(c)  The  dimension  M,  the  distance  from  the  plate  to  the  top  roller,  measured  in  the  vertical 
axial  plane  of  the  top  roller 

(d)  The  dimension  Z,  the  distance  from  the  heel  of  the  plate  to  the  top  roller 

(e)  The  dimension  T,  the  distance  from  the  heel  to  the  delivery  roller. 

Form  of  trashplate 

The  bagasse  which  has  just  passed  between  the  two  feed  rollers  tends  to  recover  its  volume 
while  passing  from  E  to  A  (Fig.  13.7).  If  it  be  conceded  that  the  trashplate  should  render 
possible  the  continuation  of  this  expansion,  the  distance  from  the  surface  BC  to  the  top  roller 
should  increase  from  B  to  C.  If  it  is  postulated  that  the  radial  velocity  and  the  tangential 
velocity  of  a  particle  of  bagasse  should  be  constant  in  the  course  of  its  path  across  the  plate, 
it  may  be  readily  shown  that  the  curve  BC  should  take  the  form  of  a  logarithmic  spiral  with 
centre  O  (Fig.  13.8).  This  proof  has  been  given  by  Bergmann  in  Java  as  early  as  1889,  and 
has  been  repeated  by  Deerr9,  We  do  not  propose  to  revive  it. 


Fig.  13.8.  Laying  out  position  of  the  trashplate. 


Setting  out  the  trashplate 

In  practice,  an  arc  of  a  circle  is  used  as  an  approximation  for  the  arc  of  the  logarithmic  spiral. 
Muller  von  Czernicky  and  Gogelein,  in  Java,  have  proposed  constructions  the  best  of  which 
is  the  following. 
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In  the  horizontal  Ox  passing  through  0  (Fig.  13.8),  take  in  the  direction  shown: 

OM     R  +  E 


Oco  = 

South  African  companies  take: 


25  25 


R  +  E, 

but  the  centre  of  the  circle  is  placed  not  at  u>,  but  on  the  vertical  through  that  point,  at 
0.0055  D  mm  above  the  point  O,  the  angle  j8  remaining  at  13°. 

The  trashplate  will  be  the  circle  drawn  with  u>  as  centre  and  with  uB  as  radius.  The  point 
B,  where  the  toe  of  the  trash  should  meet  the  feed  roller,  is  obtained  by  taking: 

MO'B  =  0  =  "  (13.11) 
6 

If  a  =  72°,  0  =  12°,  the  arc  MB  has  a  value  of: 

8  irDn 

MB  =  ttD  —  =   ■         =  0.00145  Da  (13.12) 

360      6  x  360 

D  =  mean  diameter  of  the  roller  (MB  will  be  measured  on  a  ridge,  but  will  be  transferred 
to  the  middle  of  the  flank  of  a  tooth,  and  the  middle  of  the  teeth  of  the  trashplate  will 
be  made  to  pass  through  this  point) 
a  =  top  angle  of  the  mill,  in  degrees. 

This  diagram  assumes  that  the  top  roller  is  lifting  at  its  working  position.  Then  E  is  the 
operating  feed  opening. 

In  Java,  the  settings  were  designed  so  that  the  working  position  of  the  top  roller  cor- 
responded to  a  lift  equal  to  30%  of  the  maximum  possible. 

To  avoid  having  too  fine  a  point  at  B,  which  would  introduce  a  marked  risk  of  bending 
the  points,  the  toe  of  the  plate  is  rounded  (Fig.  13.9),  but  only  slightly,  in  order  to  avoid  for- 
mation of  a  pocket  of  bagasse  at  the  toe  of  the  plate. 


Fig.  13.9.  Form  of  the  trashplate. 
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Height  of  the  trashplate 

There  remain  to  be  fixed  the  dimensions  A,  M,  Z,  and  T  (Fig.  13.7). 

These  dimensions  should  be  reckoned  in  relation  to  the  mean  diameters  of  the  top  and 
delivery  rollers.  It  should  be  noted  that  foremen  often  make  the  measurement  from  the  tips 
of  the  teeth,  and  that  the  values  to  give  them  in  this  case  should  be  those  calculated  in  relation 
to  the  mean  diameter  of  the  roller,  reduced  by  half  the  height  of  the  tooth. 

Different  authors  give  a  confusion  of  diverse  settings.  We  shall  give  first  the  standard 
method.  Mean  operating  values,  according  to  this  method,  relative  to  an  operating  feed 
opening  of  100,  are  given  in  Table  13.9: 

TABLE  13.9 


TRASHPLATE  SETTINGS 


Feed  roller  opening 

E 

=  100 

Height  from  top  roller  to  toe  of  trashplate 

A 

=  150 

Height  in  vertical  axial  plane  of  top  roller 

M 

=  175 

Height  of  top  roller  at  heel  of  trashplate 

Z 

=  190 

Distance  from  heel  of  trashplate  to  delivery  roller 

T 

=  80 

In  order  to  deduce,  from  the  working  values  obtained  from  this  table,  the  "empty"  set- 
tings to  be  established,  it  is  necessary  to  take  the  difference  between  the  working  opening  E 
and  its  value  empty,  eo,  to  increase  it  by  20  —  25%  (to  take  account  of  the  fact  that  the  dimen- 
sions A,  M  and  Z  increase  practically  to  the  same  extent  as  Ah  when  the  top  roller  rises  by 
dh,  whereas  E  increases  only  by  dh  cos  a/2),  and  deduct  from  each  of  the  dimensions  A, 
Mand  Z  the  measurement  so  obtained.  The  "empty"  values  A0,  Mo  and  Z0  are  thus  obtain- 
ed. 

The  dimension  T  does  not  change. 

Example.  Let  us  calculate  the  height  of  the  trashplate  for  the  first  mill  of  our  example  of 
pp.  207  and  210.  We  have  (cf.  p.  210): 

EA  =  79  mm  (3.11  in.) 

Hence: 

A   =  79  x  1.50  =  118mm  (4.64  in.) 
M  =  79  X  1.75  =  138  mm  (5.43  in.) 
Z   =  79  X  1.90  =  150  mm  (5.91  in.) 
T   =  79  x  0.80=  63  mm  (2.48  in.) 

The  difference  between  the  feed  opening  under  load  and  the  empty  setting  chosen  is  (cf. 
p.211): 


79  -  61  =  18  mm  (0.71  in.) 
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When  this  opening  decreases  by  18  mm,  A  and  Z  decrease  by: 


18  x  1.2  =  22  mm  (0.87  in.) 


and  M  by: 


18 


X  1.25  =  23  mm  (0.91  in.) 


Hence  the  settings  empty  are: 


E0  = 
A0  = 
Mo  = 
Z0  = 
To  = 


118 
138 
150 


61  mm(2.40in.) 

22  =  96  mm  (3.78  in.) 

23  =  115  mm  (4.52  in.) 
22  =  128  mm  (5.04  in.) 

63  mm  (2.48  in.) 


Simplified  settings 

In  Java,  it  was  often  considered  satisfactory  to  locate  the  toe  of  the  trashplate  by  the  pro- 
cedure indicated  by  Fig.  13.7.  This  fixed  a  certain  value  of  dimension  A.  The  heel  of  the  plate 
was  then  simply  located  to  make  dimension  Z  equal  to  A  increased  by  4%  of  the  width  of 
the  trashplate: 


Recommended  setting 

Generally,  modern  mills  do  not  permit  of  ready  adjustment  of  dimensions  A,  M  and  Z,  as 
was  possible  previously.  Once  the  relative  positions  of  the  3  mill  rollers  are  fixed,  in  the  posi- 
tions considered  best,  it  is,  in  general,  possible  to  alter  the  setting  of  the  trashplate  in  2  direc- 
tions only:  vertically  and  horizontally;  that  is,  it  can  only  be  moved  bodily,  parallel  to  itself, 
up  and  down  or  forwards  and  backwards,  the  toe  of  the  plate  in  contact  with  the  feed  roller 
(Fig.  13.13).  In  certain  modern  mills,  this  freedom  of  action  is  further  reduced:  the  trashplate 
is  set  on  an  axis  which  itself  is  mounted  in  an  eccentric  (Fig.  18.4);  it  can  then  be  raised  or 
lowered  by  rotating  the  eccentric,  and  made  to  pivot  about  this  axis,  in  order  to  bring  it  into 
contact  with  the  feed  roller.  We  must  agree  that  these  mills  function  as  well  as  others,  and 
that  we  have  never  had  cause  to  regret  the  restrictions  thus  imposed  on  the  settings,  which 
moreover  become  easier,  more  rapid  and  more  practical. 
In  these  conditions,  only  one  of  the  dimensions  A,  M  or  Z  can  be  realised;  in  general,  M 


Z  =  A   +  0.04  L 


(13.13) 


Z  =  distance  from  the  top  roller  to  the  heel  of  the  trashplate 
A   =  distance  from  the  top  roller  to  the  toe  of  the  trashplate 
L  =  width  of  the  plate,  all  being  expressed  in  the  same  units. 
If  L  =  30  cm,  we  shall  take: 


Z  =  A  +  1.2  cm 


222 


MILL  SETTINGS 


Ch.  13 


is  selected,  and  it  is  the  responsibility  of  the  designer  to  design  mills  and  trashplates  in  such 
a  way  that,  for  any  reasonable  value  of  M,  the  corresponding  dimensions  A  and  Z  will  have 
correct  values,  whatever  the  state  of  wear  of  the  rollers.  The  engineer  responsible  for  the  set- 
tings should  moreover  verify  that  the  dimension  7/ is  kept  at  a  satisfactory  value,  neither  too 
wide  nor  too  narrow. 

The  height  M  of  the  trashplate,  like  the  feed  and  delivery  openings  E  and  e  (obviously  we 
are  considering  the  working  openings),  depends  on  the  fibre  loading,  with  only  this  dif- 
ference: that,  in  a  mill  with  hydraulics,  the  opening  e  depends  directly  on  the  fibre  loading 
and  adjusts  its  value  immediately,  whereas  the  opening  E  and  the  space  M  assume  the  values 
which  the  instantaneous  position  of  the  top  roller  gives  them,  but  which  also  depend  on  the 
setting  adopted.  By  thus  relating  the  working  heights  of  trashplate  to  the  fibre  index  q,  we 
obtain  values  applicable  to  tandems  of  any  dimension  and  of  all  capacities. 

Table  13.10  gives  specific  values  expressed  in  mm  per  kg/m2  of  fibre  index. 

TABLE  13.10 

RATIO  M/qOF  HEIGHT  OF  TRASHPLATE  (mm)  TO  FIBRE  INDEX  q  (IN  kg/m2) 


Tandem  N  =  12    N  =  14    N  =  15    N  =  17    N  =  18  N  =  21 


1st  mill 

8 

6.5 

8 

6.5 

8 

8 

2nd  mill 

6 

5.6 

6 

5.6 

6 

6 

3rd  mill 

4.8 

4.7 

4.8 

4.8 

4.8 

4.8 

4th  mill 

4.5 

4.4 

4.5 

4.5 

4.6 

4.6 

5  th  mill 

4.4 

4.4 

4.4 

4.5 

6th  mill 

4.3 

4.4 

7th  mill 

4.3 

The  table  thus  gives  the  correct  height  for  the  trashplate  in  operation,  taken  in  the  vertical 
axial  plane  of  the  top  roller,  by  multiplying  the  above  values  by  the  fibre  index  q  for  any  mill. 

For  example,  if  q  =  10  kg/m2  (2  lb. /sq.ft.),  we  should  have,  in  a  15-roller  tandem,  the 
following  heights  in  operation  for  the  five  trashplates:  80,  60,  48,  45,  44  mm  (3.15,  2.36, 
1.89,1.77, 1.73in.). 

This  gives  only  the  mean  values;  some  technicians  adopt  settings  varying  by  10  or  20% 
around  the  values  given.  Values  for  the  mills  when  empty  are  easily  established.  It  suffices 
to  subtract  the  mean  lift  (cf.  p.  216).  It  should  be  remembered  that  mechanics  often 
measure  the  setting  in  relation  to  the  point  of  the  teeth  of  the  mill  rollers;  thus  it  is  necessary 
to  subtract  half  of  the  height  of  the  teeth. 

To  obtain  the  height  of  the  trashplates  when  operating  in  inches  per  lb. /sq.ft.  of  fibre  in- 
dex, multiply  the  numbers  in  Table  13.10  by  0.1922.  For  example,  for  a  fibre  index  of  3.85 
lb. /sq.ft.,  the  height  of  the  trashplate  in  operation  for  the  first  mill  of  a  15-roller  tandem 
would  be:  8  x  0.1922  x  3.85  =  5.92  in. 

Considerations  on  height  of  trashplate 

Some  engineers  have  a  tendency  to  set  the  trashplate  in  a  rather  high  position,  others  prefer 
it  low. 
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A  trashplate  set  too  high  absorbs  too  great  a  proportion  of  the  hydraulic  pressure,  at  the 
expense  of  the  extraction,  increases  the  power  consumption  of  the  mill,  and  wears  more 
rapidly.  Further,  the  mill  will  choke  at  a  lower  fibre  loading,  and  its  capacity  will  therefore 
be  diminished. 

Too  low  a  trashplate  gives  too  high  an  angle  of  contact  of  the  bagasse  with  the  delivery 
roller  (Fig.  13.10),  rendering  feeding  at  this  point  more  difficult  and  in  consequence  increasing 
the  risk  of  choking.  Further,  the  bagasse  tends  to  form  a  roll,  since  the  top  layer  is  gripped 
by  the  top  roller  while  the  lower  layer  drags  on  the  trashplate.  Hence  chokes,  chattering  and 
poor  pressure  at  the  delivery.  To  prevent  small  pieces  of  bagasse  from  dropping  through  at 
P ' ,  a  closer  setting  must  be  adopted  for  the  distance  T  between  the  heel  of  the  plate  and  the 
delivery  roller. 


Fig.  13.10.  Angle  of  contact  with  delivery  roller. 


In  making  a  choice  between  these  two  groups  of  disadvantages,  a  too  high  trashplate  would 
still  be  preferable  to  one  too  low. 

Abnormal  noises 

When  a  mill  "snores",  it  is  generally  due  to  the  fact  that  the  toe  of  the  trashplate  is  set  too 
low  at  the  feed  roller  (angle  (3  of  Fig.  13.8  too  great).  It  then  forms  at  B  (Fig.  13.9)  a  pocket 
from  which  the  compressed  bagasse  escapes  with  difficulty,  and  so  produces  this  charac- 
teristic vibration  and  snoring  sound. 

This  is  no  cause  for  anxiety;  but,  contrary  to  a  widespread  idea,  it  does  not  in  the  least 
prove  a  good  setting  or  a  proper  functioning  of  the  mill. 

When  a  mill  "growls",  and  especially  when  it  "chatters",  it  is  generally  due  to  a  trashplate 
set  too  low,  provoking  the  formation  of  a  roll  of  bagasse  on  the  trashplate, 

Squirting 

A  mill  is  said  to  "squirt"  or  "spit"  when  particles  of  wet  bagasse  are  projected  at  intervals 
through  its  delivery  opening.  In  most  cases,  this  phenomenon  is  due  to  too  close  a  setting 
between  trashplate  and  delivery  roller  (dimension  T  too  small).  The  juice,  having  no  further 
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outlet,  remains  entrapped  in  the  pockets  formed  by  the  bagasse,  accentuating  the 
phenomenon  of  re-absorption  (cf.  Fig.  10.13)  to  the  point  where  thejuice  is  expelled  violently 
from  the  free  side  at  the  moment  it  is  released  from  the  minimal  space  formed  by  the  delivery 
opening.  The  extraction  therefore  suffers  badly. 

A  mill  can  squirt,  even  when  the  dimension  T  is  sufficient.  This  then  is  caused  by  the  com- 
bination of  all  factors  causing  re-absorption:  speed,  degree  of  compression,  too  great  a  feed 
opening,  absence  of  juice  grooves  in  the  feed  roller,  etc. 

Chokes 

The  term  "choke"  describes  the  condition  when  the  mill  will  not  grip  all  the  feed  which  ar- 
rives, which  therefore  accumulates  at  the  feed  roller.  Certain  chokes  may  be  due  to  the 
following  phenomenon:  the  feed  roller  has  worn  its  bearings  on  the  feed  side.  When  the 
pressure  builds  up,  the  bagasse  forces  the  roller  into  the  pocket  so  formed,  the  depth  of  which 
may  reach  1  or  2  mm;  the  roller  then  separates  from  the  trashplate;  the  bagasse  remains 
caught  on  the  toe  of  the  plate,  and  constricts  the  passage. 

Conversely,  if  the  trashplate  is  adjusted  close  against  the  roller,  the  roller  bears  heavily 
against  it,  when  the  mill  runs  empty,  and  wears  it  rapidly. 

The  symptoms  of  this  trouble  then  are: 

(a)  Rapid  wear  of  the  trashplate 

(b)  Slight  displacement  of  the  feed  roller  towards  the  feed  side,  at  the  moment  the  bagasse 
arrives  at  the  mill. 

Chokes  are  most  often  due  to: 

(a)  Either  a  bad  setting  of  the  mill,  the  feed  opening  too  small  or  too  large,  the  trashplate 
badly  placed  or  poorly  adjusted  at  the  feed  roller,  the  space  at  the  heel  of  the  plate  too  small 

(b)  Teeth  of  the  plate  being  lifted  or  bent  towards  the  back 

(c)  A  roller  too  smooth,  or  too  new,  or  polished 

(d)  A  roller  of  too  small  a  diameter,  too  worn,  or  with  teeth  rounded 

(e)  Excessive  imbibition  for  the  crushing  rate  required,  or  imbibition  water  too  hot. 

Displacement  of  flanges 

When  the  trashplate  is  too  low,  it  often  happens  that  the  pressure  reacts  on  the  side  flanges 
of  the  top  roller,  and  causes  them  to  lift  off,  by  pulling  out  the  fixing  screws. 

Lifting  of  the  flanges  may  therefore  be  a  sign  of  too  low  a  trashplate  setting. 

However,  it  can  also  be  produced  due  to  too  great  a  difference  in  thickness  of  the  bagasse 
blanket  between  the  right-  and  left-hand  sides,  or  due  to  passage  of  a  foreign  body  on  one 
side;  or  insufficient  play  between  flanges  and  bottom  rollers. 

Wear  and  channelling  of  trashplate 

The  surface  of  the  trashplate  does  not  wear  uniformly:  it  generally  forms  grooves  correspon- 
ding, at  the  toe  of  the  plate,  to  those  of  the  feed  roller,  but  diverging  from  the  centre  towards 
the  extremities  of  the  plate,  in  the  direction  of  the  bagasse  movement  (Fig.  13.11). 

This  divergence  is  due  to  the  fact  that  the  bagasse  load  at  the  mills  is  always  inevitably 
heavier  at  the  centre  than  at  the  ends  of  the  rollers.  When  the  compressed  bagasse,  held  in 
straight  channels  by  the  grooves  of  the  feed  roller,  is  discharged  onto  the  trashplate,  it  tends 
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Top  roller 


Fig.  13.11   Trashplate  worn  in  grooves  (plan  view).  Fig.  13.12.  Grooved  trashplate. 


to  distribute  itself  uniformly,  and  to  spread  from  the  centre  towards  the  ends  of  the  roller. 

The  same  cause  provokes  a  more  severe  wear  of  the  rollers  at  the  centre  than  at  the  ex- 
tremities: this  is  readily  appreciated  by  placing  a  straightedge  on  the  rollers  at  the  end  of  the 
season.  When  the  feed  and  top  rollers  are  worn  in  this  way,  the  bagasse  blanket  becomes  all 
the  thicker  at  the  centre,  and  the  effect  on  the  trashplate  is  accentuated. 

The  Archimedean  screw  which  returns  the  fine  bagasse  from  the  cush-cush  screen  to  the 
intermediate  carrier  also  returns  more  of  this  material  to  the  middle  of  the  conveyor  than 
to  the  sides,  and  also  contributes  to  loading  the  centre  of  the  rollers. 

Finally,  there  is  friction  on  the  sides  of  the  carriers,  retardation  of  the  bagasse  at  the  sides 


Fig.  13.13.  View  of  mill  showing  method  of  fixing  and  adjusting  trashplate.  Note  double  pitch  of  feed  roller. 
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in  favour  of  that  in  the  middle,  and  obstruction  of  the  outer  portions  of  the  bagasse  by  the 
idler  pulleys  and  their  supporting  runners,  which  again  tends  to  concentrate  the  bagasse  at 
the  centre. 

All  these  causes  tend  to  diminish  the  layer  of  bagasse  at  the  edges,  producing  what  is  called 
the  "edge  effect" :  the  cane  which  arrives  at  the  mills  on  the  sides  of  the  carrier  is  less  effec- 
tively compressed;  it  sometimes  leaves  the  first  mill  scarcely  flattened,  and  still  recognisable 
as  stalks. 

With  the  object  of  avoiding  the  bursting  stress  on  the  flanges  which  is  caused  by  the  diverg- 
ing movement  of  the  bagasse  on  the  trash  plate,  certain  manufacturers  have  supplied  plates 
machined  with  shallow  grooves  corresponding  to  those  of  the  feed  roller,  i.e.  matching  at 
a  distance  those  of  the  top  roller,  and  parallel  with  them  (Fig.  13.12).  These  have  the  disad- 
vantage of  tending  to  maintain,  at  the  delivery  roller,  the  uneven  distribution  of  the  bagasse 
across  the  width  of  the  feed  roller,  which  is  in  part  corrected  by  smooth  trashplates.  They 
may,  however,  be  of  interest  in  cases  where  the  extent  of  the  divergent  grooves  on  the 
trashplate  would  be  liable  to  lead  to  difficulties  at  the  delivery  roller. 

Metal  for  trashplates 

Trashplates  are  made  in  cast  iron,  in  steel  or  in  stainless  steel.  Their  cost  increases  in  the  order 
indicated,  but  their  life  similarly,  so  that  the  cost  per  tonne  of  cane  remains  approximately 
the  same.  Trashplates  of  stainless  steel  acquire  a  mirror-like  finish  with  use,  and  suffer  less 
wear.  The  life  of  steel  trashplates  may  be  considerably  prolonged  by  the  application  of  a  fac- 
ing of  non-corrosive  metal  by  means  of  electric  welding  (in  France,  the  Super-Safor  60  elec- 
trode is  suitable). 
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14.  Power  Requirements  of  Mills 


FACTORS  INFLUENCING  POWER  REQUIREMENTS 


Work  of  crushing  the  cane 

In  crushing  cane,  the  resistance  presented  by  the  pith  is  negligible  compared  with  that  offered 
by  the  woody  parts,  that  is,  the  rind  and  the  nodes;  so  that  the  resistance  to  crushing  is 
analogous  to  that  which  would  be  offered  by  a  hollow  tube  partitioned  and  reinforced  by 
full  discs  distributed  along  its  length  (Fig.  14.1). 


This  is  precisely  the  structure  of  bamboo,  which  moreover  is  closely  related  to  cane,  and 
which  possesses  the  same  woody  parts.  The  only  difference  is  that  it  has  no  pulp  filling  the 
compartments  thus  formed  (cf.  p.  32). 

Influence  of  state  of  cane 

This  conformation  of  the  woody  tissues  of  the  cane  determines  its  reactions  under  the  in- 
fluence of  pressure.  If  we  compare  the  manner  in  which  cane  and  bagasse  behave  when  sub- 
jected to  a  certain  pressure  P,  we  shall  see  that,  for  the  same  increment  of  pressure  dP,  the 
cane  will  be  deformed  by  an  amount  dh  greater  than  that  by  which  the  bagasse  will  be  com- 
pressed. This  is  due  to  the  elasticity  of  the  cylinder  of  rind  and  the  small  partitions  of  the 
nodes. 

The  definition  of  work,  and  consequently  of  power,  shows  then  that  the  power  expended 
in  the  case  of  cane  is  superior  to  that  expended  in  the  case  of  bagasse.  The  work  is  of  course 
the  product  of  a  force  (here  P)  and  a  displacement  (dh). 

Interdependence  of  preparatory  and  milling  equipment 

It  follows  that  the  power  exerted  by  a  crusher  or  a  mill  will  depend  on  the  degree  of  prepara- 
tion undergone  by  the  material  which  it  receives.  This  also  explains  in  part  how  the  power 
absorbed  by  a  shredder  can  be  recovered  in  the  rest  of  the  tandem  (actually,  over  and  above 
the  saving  obtained  owing  to  the  transformation  of  the  cane  into  a  fibrous  and  less  com- 
pressible material,  there  is  the  additional  possibility  of  reducing  slightly  the  load  on  the  mills, 
thanks  to  the  ease  of  extraction  of  juice  from  this  disintegrated  mass). 


Fig.  14.1.  Diagrammatic  representation  of  resistance  of  cane  to  crushing. 
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Magnitude  of  power  requirement 

The  figures  for  power  which  are  given  in  technical  books  are  generally  stated  as  a  function 
of  the  tonnage  of  fibre  treated. 

In  steam-driven  plants,  these  power  figures  are  therefore  expressed  in  indicated  horse- 
power per  tonne  fibre  per  hour  (i.h.p.  per  t.f.h.)  or  per  tonne  of  cane  per  hour  (i.h.p.  per 

t.c.h.). 

Deerr1  gives  the  figures  shown  in  Table  14.1.  These  values  are  for  a  mill  of  864  x  1,981 
mm  (34  x  78  in.)  crushing  45  t.c.h.  with  cane  of  12.7%  fibre,  under  hydraulic  pressure  of 
356  tonnes  at  the  mills. 

Maxwell2  gives  for  Java  and  Hawaii  the  figures  shown  in  Table  14.2.  This  table 
demonstrates  the  desire  in  Hawaii  to  obtain  the  maximum  from  each  mill,  whichever  it  may 
be. 

Tromp3  gives  figures  slightly  different  for  Java  (Table  14.3). 

In  Mexico4  one  can  reckon  on  14-  18  i.h.p. /t.f.h.  for  absorbed  power  and  22  i.h.p.  for 
power  to  be  provided. 


TABLE  14.1 

POWER  REQUIREMENTS  OF  MILLS  (DEERR) 


Carrier 
Crusher 
1st  mill 


2nd  mill 
3rd  mill 
4th  mill 


total 


total 


i.h.p. /t.c.h,  i.h.p.  /t.f.h. 


3.3-4.4 
av.  3.7 


2.2-3 
av.  2.5 


26-34 
av.  29 


17-23 
av.  20 


TABLE  14.2 


POWER  REQUIREMENTS  OF  MILLS  (MAXWELL) 


i.h.p.  /t.f.h. 


Java  Hawaii 


Crusher 

Double  crusher 

1st  mill  if  no  crusher 

1st  mill  preceded  by  crusher 

Intermediate  mill 

Final  mill 


16-  18  15  approx. 
30-38 

30-38  30  - 
26-30  30  - 
15-26  30  - 
15-23  30  - 


TABLE  14.3 


POWER  REQUIREMENTS  OF  JAVA  MILLS  (TROMP) 


i.h.p.  /t.f.h 

Extreme  values 

Average 

Crusher 

8-35 

17 

1st  mill 

15-51 

28 

2nd  mill 

14-38 

24 

3rd  mill 

11-31 

19 

4th  mill 

10-28 

18 

5th  mill 

9-23 

16 

Relation  between  fibre  and  power.  The  power  figures  which  we  have  just  quoted  are  in- 
teresting and  useful,  but  the  variations  shown  are  considerable. 
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This  emphasises  that  the  tonnage  of  cane  and  even  the  tonnage  of  fibre  are  related  only 
remotely  to  the  power  developed.  We  shall  proceed  to  find  the  reason. 
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The  determination  of  the  power  consumed  by  a  mill  is  rather  complex  because  a  number  of 
factors  enter  into  it. 
To  begin  with,  this  power  may  be  split  up  into  6  different  principal  terms: 

(1)  Power  consumed  by  compression  of  the  bagasse 

(2)  Power  consumed  in  friction  between  the  shafts  and  bearings  of  the  rollers 

(3)  Power  consumed  by  friction  between  bagasse  and  trashplate 

(4)  Power  consumed  by  friction  of  scrapers  and  toe  of  the  trashplate  against  the  rollers,  to 
which  should  be  added  the  work  of  dislodging  the  bagasse  at  these  points 

(5)  Power  consumed  in  driving  the  intermediate  carriers 

(6)  Power  absorbed  in  the  gearing. 

Furthermore,  these  components  of  the  power  themselves  depend  on  certain  factors  rather 
difficult  to  measure  or  estimate*  such  as:  variety  of  cane  (at  equal  weights  of  fibre,  the 
crushing  of  two  different  varieties  can  exact  appreciably  different  power  requirements),  state 
of  the  friction  surfaces,  quality  and  regularity  of  lubrication,  adjustment  of  settings  and  of 
the  trashplate,  etc. 

Owing  to  the  impossibility  of  taking  into  account  all  these  factors,  there  is  no  point  in  seek- 
ing great  precision  in  the  calculation  of  power  for  milling.  One  must  be  content  with  an  order 
of  magnitude;  such  a  figure  is  all  the  more  useful  since  many  people  have  not  even  a  rough 
idea  of  it.  The  values  found  in  practice  may  differ  appreciably  from  the  mean  power  figures 
which  we  shall  derive.  This  difference  may  be  as  much  as  20  or  even  25%  of  the  normal  value 
furnished  by  the  formula. 

Detailed  calculations  were  given  in  the  second  edition  (pp.  224  -  232)  for  the  power  absorb- 
ed by  a  mill.  The  following  results  were  obtained. 

1.  Power  absorbed  by  compression  of  bagasse 

Px  =  0.4  •  •  FnD  \  7~a 

Vr  (1  +  Vr  -  1) 

(14.1) 

I  Pi  =  0.12  ■   6/— -  FnD  vT;  ) 

V  Vr  (1  +  Vr  -  1)  / 

F  =  hydraulic  load  of  the  mill,  in  tonnes  (long  tons) 
D  =  mean  diameter  of  the  rollers,  in  m  (ft.)- 
For  power  in  kW,  replace  the  coefficient  0.4  by  0.3  (or  0.12  by  0.09). 

r  c 

Table  14.4  gives  values  of  the  term  — —  for  various  values  of  r: 

Vr  (1  +  Vr  -  1) 
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TABLE  14.4 

VALUES  OF  r  TERM  IN  EQN.  (14.1) 

r  1       1.1       1.2      1.3      1.4      1.5       1.6      1.8  2 


—  —  1      1.159    1.388    1.587    1.760   1.913  2.049  2.282  2.475 

Vr(l  +  sTT^X) 


Example.  For  F  =  340  tonnes,  r  -  1.3,  n  -  5  r.p.m.,  D  -  813  mm  (32  in.),  eA  - 
0.0164,  we  have 

Pi  =  0.4  x  1.587  x  340  X  5  x  0.813  X  0.1281  =  111  h.p. 

2.  Power  absorbed  in  friction  between  journals  and  bearings 

p2  =  0,04  FnD  {P2  =  0.012  FnD)  (14.2) 

This  is  a  mean  value  which  may  vary  between  0.033  and  0.053  FnD  (0.010  and  0.015  FnD). 

3.  Power  absorbed  in  friction  between  bagasse  and  trash  plate 

Pj  =  0.035  FnD  (P3  =  0.011  FnD)  (14.3) 

A  mean  value  which  may  vary  between  0.016  and  0.054  FnD  (0.005  and  0.016  FnD).  These 
values  are  slightly  lower  than  those  given  in  the  second  edition.  In  fact,  from  the  work  of 
Murray5  and  Cullen,  Russell6  deduces  that  the  coefficient  of  friction  which  we  have  reckoned 
as  0.035  is  more  often  between  0.2  and  0.3.  The  calculation  has  thus  been  revised  with  the 
mean  value  0.3  and  extremes  of  0.2  and  0.35. 

4.  Power  absorbed  by  friction  between  scrapers  and  rollers 

P4  =  2  LnD  (Pa  =  OAS LnD)  (14.4) 

5.  Power  absorbed  for  intermediate  carrier  drive 

P5  =  2  LnD  (Pi  =  0.18  LnD)  (14.5) 

The  values  for  these  five  main  factors  are  tabulated  in  Table  14.5. 

We  have  taken  care  to  give  in  this  table  the  values  which  P2  and  Pj  assume  for  the  extreme 
values  of  settings  and  of  the  coefficients  of  friction.  This  shows  the  importance  of  the  uncer- 
tainty involved  in  certain  terms,  and  demonstrates  the  differences  which  may  exist  between 
well-lubricated  and  well-set  mills  and  those  poorly  maintained. 

Moreover,  the  terms  Pi,  P4  and  P5  in  turn  are  subject  to  variations  of  nearly  25%  upwards 
or  downwards,  either  as  a  matter  of  cane  variety,  or  for  reasons  similar  to  those  just  given. 
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Summing  these  terms  and  taking  their  mean  value,  we  obtain  the  total  power  consumed 
by  the  mill  proper  (metric  units): 

'  —  i 

P  =  nD  J  Ff  0.4  •  6r Z  5—  •  sf7A+  0.075   i  +  4  L\  (14.6) 

I    L      V7  (i  +  V7^~i)       '         J  ) 
6.  Power  absorbed  in  the  gearing 

We  shall  take  this  into  account  by  dividing  eqn.  (14.6)  by  Q,  the  mechanical  efficiency  of  the 
gearing,  which  gives  the  final  equation: 


P  = 


F  [o.4  •         —  5          •  y/T.  +  0.075  1  +  4  L 

(      L        V7(l  +  Vr  -  1)        A  J  I 

[p=nR[F  fo.12-  ^   ^^4=-^  +  0.023  1  +  0.36  LU 


(14.7) 


Value  of  Q.  Lehky7  gives  the  following  values: 

Efficiency  of  mill  pinions  =  0.95  X  0.95  =  0.90 
Efficiency  of  each  pair  of  gears  =  0.98 
Friction  in  various  bearings  =  0.95 

This  gives  for  the  overall  efficiency: 

0.90  x  0.98  X  0.98  x  0.95  =  0.82 

However,  Varona8  reports  very  substantial  differences  in  the  efficiencies  of  different  types 
of  gearing: 

Double-helical  gearing,  fine  pitch,  double  reduction,  well  lubricated:  0.96 
Ordinary  gearing,  worn:  0.80 

MacNee9  gives  for  a  train  of  gearing: 

(a)  For  2  pairs  of  ordinary  gears  Q  =  0.90-0.95 

(b)  For  2  pairs  of  helical  gearing  q  =  0.98. 

The  following  figures  are  commonly  used  for  well-maintained  gearing,  allowing  for  fric- 
tion of  bearings: 

TABLE  14.6 

EFFICIENCY  OF  GEARING 

Efficiency  of  ordinary  pinions  (effect  on  the  total  power  taken  by  the  prime  mover)  0.85 

Efficiency  of  "pinion  housing"  (cf.  p.  167)  (effect  on  the  total  power)  0.97 

Efficiency  of  a  pair  of  ordinary  gears  0.95 

Efficiency  of  a  pair  of  helical  gears  0.96 

Efficiency  of  a  double-reduction  helical  gearing  0.985 

Efficiency  of  a  triple-reduction  helical  gearing  0.98 

Efficiency  of  turbine  reduction  0.98 
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It  follows  that  the  ratio  of  power  exerted  on  the  bagasse  to  that  developed  by  the  turbine 
or  motor  has  a  value: 

0.98  x  0.985  X  0.96  X  0.85  =  0.78-0.79 

Values  furnished  by  eqn.  (14.7).  We  have  adopted  in  this  equation  values  which  we  have 
described  as  averages.  The  application  of  this  formula  in  practice  shows  that  the  values  so 
adopted  furnish  good  results  for  mills  of  standard  type. 

With  old  mills,  with  wide  trashplate,  sluggish  hydraulic  systems,  and  mediocre  lubrication, 
the  term  0.08  (0.024)  in  the  brackets  should  be  replaced  by  0.10  (0.030).  On  the  other  hand, 
for  modern  mills,  well  maintained  and  with  a  narrow  trashplate  and  automatic  lubrication, 
this  coefficient  could  be  replaced  by  0.06  (0.018). 

1st  Mill.  The  power  required  for  breaking  up  the  structure  of  the  cane,  even  when  prepared 
by  knives,  is  substantially  greater  than  that  absorbed  by  compression  of  bagasse  (cf.  p.  209). 
For  this  reason  we  would  recommended  replacing  for  the  1st  mill,  the  coefficient  0.4  (0.12) 
in  the  brackets  in  the  expression  for  Pi  by: 

1st  mill  after  knives:  0.5  (0.15) 

1st  mill  after  knives  and  shredder:     0.45  (0.135) 

Power  for  crushers.  Repeating  the  same  calculations,  we  obtain  for  crushers  the  figures 
given  in  Table  14.7. 
Taking  into  account  the  efficiency  of  the  gearing,  we  have  then: 


p.* 

Q 


0.50  •  —  =  •        +  0.04  I  F  +  1.00  L    (metric  units)  (14.8) 

V7(l  +  Vr  -  I)  J  J 


For  the  equation  in  British  units  the  numerical  coefficients  become  0.15,  0.012  and  0.09, 
respectively. 

TABLE  14.7 

POWER  CONSUMPTION  FOR  CRUSHERS  (METU1C  UNITS) 

fir  -  S   

Compression  of  cane  Pi  =  0.50  •  •  FnD  V 'e. 

•Jr  (1  +       -  1) 

2 

Friction  in  bearings  Pz  =  -  —  x  0.04  FnD  =  0.04  FnD 

1.9 

Trashplate  P,  =  0 

Scrapers  P,  =  2p  x  0.0126  LnD  =  LnD 

Intermediate  carrier  Ps  =  0 
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General  simplified  formula 

Much  of  the  value  of  the  complex  equation  (14.7)  is  lost  due  to  the  problematical  nature  of 
the  coefficient  0.075  (0.023)  corresponding  to  the  components  Pi  and  Pi  of  the  power  con- 
sumption. When  the  value  of  this  coefficient  cannot  be  chosen  with  sufficient  precision  and 
when  the  exact  value  of  the  efficiency  of  the  gearing  is  not  known,  it  is  preferable  to  be  con- 
tent with  the  approximate  formulae  given  by  eqn.  (14.9): 

Normal  power:  A7r  =  k  FnD 

N  (14.9) 
Maximum  (peak)  power:       Pp  -  K  FnD 

The  formulae  are  applicable  to  all  mills,  and  the  coefficients  k  and  K  have  the  values  given 
in  Table  14.8  (F  in  tonnes,  D  in  metres). 

TABLE  14.8 

NORMAL  POWER  AS  A  FUNCTION  OF  CANE  PREPARATION:  VALUE  OF  COEFFICIENT  k 


Preparation  plant  2  knives  2  knives  2  or  3  knives 

50-mm  pitch  20-mm  pitch  +  shredder 


(h.p.) 

(kW) 

(h.p.) 

(kW) 

(h.P.) 

(kW) 

1st  mill 

0.271 

0.199 

0.246 

0.181 

0.239 

0.176 

2nd  mill 

0.230 

0.169 

0.222 

0.163 

0.214 

0.157 

3rd  mill 

0.205 

0.151 

0,201 

0.148 

0.201 

0.148 

Later  mills 

0.197 

0.145 

0.197 

0.145 

0.197 

0.145 

MAXIMUM  POWER  AS 

A  FUNCTION 

OF  METHOD  OF  FEEDING  1 

:  VALUE 

OF  COEFFICIENT  K 

Manual  control 

1st  mill 

0.330 

0.243 

0.310 

0.228 

0.284 

0.209 

2nd  mill 

0.260 

0.191 

0.250 

0.184 

0.245 

0.180 

3rd  mill 

0.219 

0.163 

0.220 

0.162 

0.220 

0.162 

Later  mills 

0.209 

0.154 

0.209 

0.154 

0.209 

0.154 

Feeler  plate 

1st  mill 

0.277 

0.244 

0.298 

0.219 

0.273 

0.201 

2nd  mill 

0.256 

0.188 

0.245 

0.180 

0.238 

0.175 

3rd  mill 

0.219 

0.161 

0.219 

0.161 

0.218 

0.160 

Later  mills 

0.209 

0.154 

0.209 

0.154 

0.209 

0.154 

Donnelly  chutes 

1st  mill 

0.280 

0.206 

0.257 

0.189 

2nd  mill 

0.238 

0.175 

0.228 

0.168 

3rd  mill 

0.216 

0.159 

0.215 

0.158 

Later  mills 

0.209 

0.154 

0.209 

0.154 

These  equations  assume  gearing  of  high  efficiency.  They  are  useful  for  planning  projects, 
to  determine  the  power  to  be  provided. 

To  get  the  power  in  British  units  (Fin  long  tons,  D  in  ft.),  multiply  the  coefficients  of  Table 
14.8by0.31. 
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Crusher.  For  a  crusher  we  may  take: 


P 


0.75  FnD 


(PN  =  0.0040  FnD) 
(PP  =  0.0050  FnD) 


0.20  FnD 


(14.10) 
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Influence  of  crushing  rate 

Even  from  consideration  of  the  more  accurate  formula  (14.7)  one  fact  is  immediately  ob- 
vious, that  is,  the  small  effect  of  the  crushing  rate  on  the  power  consumption. 

If  we  take  for  example  the  case  of  a  final  mill  of  813  X  1,676  mm  (32  x  66  in.)  crushing, 
other  things  being  equal:  (1)  100  t.c.h.  and  (2)  80  t.c.h.,  with  the  same  fibre  /  =  0.145  in 
both  cases,  the  same  speed  of  5  r.p.m.  and  the  same  t.h.p.  of  340  tonnes,  the  re-absorption 
factor  being  1.39  in  the  first  case  and  1.28  in  the  second,  we  obtain  the  following  figures  for 
power  consumption: 


For  an  increase  of  25%  in  crushing  rate,  the  power  consumption  has  therefore  increased 
by  only  4-5%. 

From  the  point  of  view  of  the  steam  consumption  at  the  mills,  it  is  therefore  helpful  to 
work  with  the  thickest  possible  bagasse  blanket. 

On  the  contrary,  if  the  increase  in  tonnage  is  obtained  by  an  increase  in  speed  of  the  mill, 
without  alteration  to  the  setting  or  the  fibre  loading,  the  power  consumed  will  increase  prac- 
tically in  proportion  to  the  speed  and  tonnage. 

Distribution  of  power  among  the  three  rollers 

Measurements  have  been  made  on  a  first  mill  of  813  x  1,676  mm  (32  x  66  in.),  operating 
at  5.2  r.p.m.,  with  a  t.h.p.  of  475  tonnes,  and  crushing  80-  100  t.c.h.,  with  an  empty  setting 
of  22/3  mm  (0.87/0.12  in.)  rising  under  full  load  to  34/20  mm  (1.34/0.79  in.).  For  this  mill 
(a  Fives  Lille  —  Cail  C46  unit)  the  torque,  or  the  power,  was  distributed  as  follows: 


The  proportions  between  the  two  bottom  rollers  might  appear  unexpected.  It  is  due  to  the 
following  facts: 

(a)  For  a  first  mill,  the  work  of  crushing  unbroken  pieces  of  cane  fibre  is  effected 
predominantly  at  the  feed  roller,  and  is  much  less  at  the  delivery 

(b)  The  work  due  to  friction  on  the  trashplate,  which  must  be  set  closely  against  the  feed 
roller,  is  greater  than  that  due  to  friction  of  the  scraper  plate  on  the  delivery  roller. 


1st  case  (100  t.c.h.):  P  =  200  kW 
2nd  case  (  80  t.c.h.):  P  =  192  kW 


Top  roller: 
Feed  roller: 
Delivery  roller: 


56% 
22% 
22% 
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Results  are  not  available  for  later  mills,  but  it  is  considered  that  the  distribution  should 
be  of  the  order  of: 

Top  roller:  55% 

Feed  roller:  10-20% 

Delivery  roller:  25-35% 

Torque  -  load  coefficient 

Murry10  has  commented  that  the  expression: 


G 

N  =  —  (14.11) 
tu 

N  -  torque  -  load  number 

G  =  total  torque  for  driving  the  two  rollers  considered 
F  -  load  applied  to  the  top  roller 
D  -  mean  diameter  of  the  rollers 

is  a  dimensionless  coefficient,  and  characterises  the  power  consumed  in  compressing  cane  or 
bagasse  between  two  rollers. 

In  effect: 

P  =  Goo 

P  —  power  absorbed 
o)  =  rotational  speed  of  the  rollers. 
We  have: 

P  =  Ow  =    •  G 

60 


Hence: 


=  InirFD  FnD 

This  agrees  well  with  our  formulae  of  Table  14.8.  Murry  moreover  was  interested  only  in  the 
power  absorbed  by  compression  (our  power  Pt),  and  he  and  Munro  suggested: 

N^XVe^Cj"75    (cane;  Murry)  (14.13) 


N  =  X        C°Jl     (bagasse;  Munro)  (14.14) 
which  are  similar  to  our  equation: 

M  =  \yTTAf{r)  (14.15) 


which  is  another  way  of  writing  our  equation  (14.1). 


GENERAL  RELATIONSHIPS 


237 


Power  of  a  mill  tandem 

We  have  just  been  studying  the  power  consumption  of  an  individual  mill.  How  does  the  total 
power  consumption  of  the  tandem  vary? 

Obviously,  it  is  equal  to  the  sum  of  the  consumptions  of  the  units  of  which  it  is  composed. 
But  it  does  not  follow  that  the  power  consumed  by  one  of  these  units  will  be  the  same, 
whether  it  belongs  to  a  tandem  of  11  or  one  of  17  rollers. 

Actually,  the  power  consumed  by  a  mill  depends  on  the  hydraulic  pressure  chosen,  on  the 
speed  at  which  it  is  operated  and  the  corresponding  fibre  loading.  Now,  as  we  have  seen,  par- 
ticularly for  Java  (cf.  pp.  173  and  182),  certain  technicians  modify  these  elements  according 
to  the  position  of  the  mill  in  the  tandem. 

Two  principal  schools  of  thought  were  recognised: 

(/)  The  Javan  school,  where  a  lower  hydraulic  pressure  was  used  with  mills  forming  part 
of  a  longer  tandem.  The  object  of  this  school  was  to  avoid  consuming  too  much  power  in 
long  tandems,  which,  even  for  the  same  total  power,  stilt  give  a  valuable  gain  in  extraction. 
This  is  the  solution  for  countries  where  the  price  of  sugar  is  low. 

(2)  The  Hawaiian  school,  in  which  the  maximum  work  is  obtained  from  each  mill, 
whatever  its  place  in  the  tandem.  This  is  the  solution  for  countries  where  the  price  of  sugar 
is  high. 

TABLE  14.9 


TOTAL  POWER  CONSUMPTION  OF  A  TANDEM  (IN  i.ll.p. 
PER  t.f.h.) 


Tandem 

Java 

Hawaii 

11  rollers 

105 

112 

12  rollers 

107 

132 

14  rollers 

101 

148 

15  rollers 

110 

165 

17  rollers 

110 

181 

Maxwell11  gives  the  figures  reproduced  in  Table  14.9,  for  the  total  power  consumed  in  each 
of  these  two  cases.  The  figures  for  Java  are  taken  from  figures  published  by  that  country; 
those  of  Hawaii  correspond  to  the  values  generally  reported  in  the  Islands. 

It  is  of  interest  to  note  that,  in  Java,  it  is  the  14-rollertandems  which  have  the  lowest  power 
consumption,  when  it  is  related  to  the  tonnage  of  fibre  treated. 

Maxwell  then  compares12  the  tandems  of  14  rollers  837  x  1,981  mm  (34  x  78  in.)  for  the 
two  countries,  and  emphasises,  in  this  connection,  the  differences  in  the  manner  in  which  the 
cane  is  prepared  and  in  which  the  mills  are  operated  in  the  two  countries: 

(a)  Composition: 

Java:  19  tandems  of  14  rollers,  837  x  1,981  mm  (34  X  78  in.) 
Hawaii:  6  tandems  of  14  rollers,  837  x  1,981  mm  (34  x  78  in.),  preceded  by  a  set  of  knives 
and  a  shredder. 

(6)  Conditions  of  operation: 
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TABLE  14.10 

COMPARISON  BETWEEN   14-ROLLER  TANDEMS  IN  IAVA  AND  HAWAII 


Capacity  Power  Total        Av.         speed         (r.p.m.j       Imb.  %  fib.  Extn. 

(t.f.h.)      (i.h.p./t.f.h.)  (t.h.p.  tonnes)  -      - 

Crushers  Milts 


Java  8.3  101  1,630  3.15  1.85  150  94.7 

Hawaii  7.7  173  1,820  4.13  2.84  292  97.9 

The  173  i.h.p./t.f.h.  for  Hawaii  includes  prime  movers  for  the  knives  and  shredder. 
While  these  are  very  old  figures,  they  throw  into  relief  the  reasons  for  the  high  extractions 
obtained  in  Hawaii  at  that  period: 

(1)  Low  crushing  rates 

(2)  Application  of  high  pressures 

(3)  Use  of  high  speeds,  though  much  below  the  limiting  speeds  possible 

(4)  High  expenditure  of  power  (due  to  the  3  preceding  factors) 

(5)  High  imbibition. 

Parr's  formula.  Parr13  proposes  the  following  formula  for  power: 

P  =  0.3  //V045 

P  =  power  absorbed  by  a  tandem,  in  i.h.p./t.c.h. 

/    =  fibre  in  cane,  % 

N  =  number  of  rollers  in  the  tandem. 

This  formula  has  the  disadvantage  that  it  is  based  on  the  tonnage  treated,  whereas  we  have 
seen  that  tonnage  actually  has  only  a  small  influence  on  the  power  consumed.  However,  it 
demonstrates  well  the  economy  in  power  per  mill  with  a  long  tandem.  Taking  100  as  the 
power  necessary  for  a  tandem  of  5  mills  according  to  Parr's  formula,  the  total  power  and 
power  per  mill  of  different  tandems  would  be: 

Tandem  12  rollers        75  rollers        18  rollers     21  rollers 

Total  power  90.5  100  108.6  116.6 

Power  per  mill  113  100  90.5  83.3 

Power  as  a  function  of  fibre  rate 

Although  the  figures  for  power  related  to  weight  of  fibre  are  not  of  much  significance,  we 
shall  indicate  the  most  frequent  values,  since  they  are  of  interest  from  the  point  of  view  of 
the  practical  efficiency  of  usage  of  power  by  the  mills. 

This  power  is  expressed  in  i.h.p./t.f.h.  and  per  mill  (i.h.p./t.f.h./m).  It  is  obtained  by  a 
simple  rule  of  three,  that  is,  by  multiplying  by  3/N  the  total  power  expended  in  the  tandem 
per  t.f.h.  (N  =  number  of  rollers  (cf.  p.  56)). 

In  a  short  tandem,  the  figures  approach  the  Hawaiian  values:  25-30  i.h.p./t.f.h./m. 
Sometimes  they  reach  32  and  even  35. 
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In  tandems  of  average  length,  of  14  or  15  rollers,  the  values  generally  lie  in  the  range 
20-25  i.h.p./t.f.h./m. 

In  long  and  very  long  tandems,  of  17-25  rollers,  the  values  fall  to  18  and  15.  Central 
Tarlac,  in  the  Philippines,  with  25  rollers  (2  crushers  and  7  mills  of  914  x  2,133  mm  (36  x 
84  in.)),  reports  12.4  i.h.p./t.f.h./m. 

This  is  the  lowest  value  that  has  come  to  our  notice.  In  South  Africa14,  we  have  approx- 
imately: 


Influence  of  variety 

We  have  commented  above  (p.  229)  that,  for  the  same  weight  of  fibre  treated,  the  power  may 
vary  with  the  degree  of  resistance  of  the  particular  variety  being  handled. 

One  factory,  in  Australia,  handling  two  different  varieties  of  cane,  EK  28  and  Badila,  has 
stated  that  its  tandem  consumed: 


or  one-third  more  for  the  former  variety  than  for  the  latter15. 
Power  to  be  installed 

Knowing  the  mean  power  which  should  be  required  by  a  mill  for  the  maximum  values  of  the 
hydraulic  pressure  and  the  fibre  loading,  it  will  be  sufficient  to  increase  it  by  15%  to  obtain 
the  power  of  the  prime  mover  to  be  installed. 

In  the  case  of  combined  drive,  that  is,  if  the  prime  mover  under  consideration  drives  two 
or  more  mills,  it  would  be  sufficient  to  fix  the  nominal  power  at  10%  above  the  mean  max- 
imum power  calculated. 

Total  power  for  the  milling  station 

For  total  power  consumed  by  the  milling  station  (unloading  equipment  excluded),  a  South 
African  report16  gives  an  average  figure  of  181.3  kW  (243  h.p.)  per  t.f.h.,  including 
numerous  diffusion  factories,  with  one  recording  a  figure  of  255.5  (343),  another  63.2  kW 
(84.7  h.p.)  per  t.f.h.  with  diffusion  of  bagasse.  A  good  normal  power  for  extraction  by  diffu- 
sion would  be  125  (165);  for  factories  with  a  tandem  of  mills,  188  kW  (252  h.p.)  per  t.f.h., 
of  which  82.3  (110)  would  be  for  cane  preparation  and  105.7  (142)  for  the  milling  tandem. 


1  N.  DEERR,  Cane  Sugar,  Norman  Rodger,  London,  1921,  p.  194. 

2  F.  Maxwell,  Modern  Milling  of  Sugar  Cane,  Norman  Rodger,  London,  1932,  p.  305. 

3  L.  A.  TROMP,  Machinery  and  Equipment  of  the  Sugar  Cane  Factory,  Norman  Rodger,  London,  1936,  p.  198. 

4  F.  S.  Silva,  Sugar  J.,  27  (12)  (1965)  35. 
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With  EK  28: 
With  Badila: 


69  i.h.p./t.f.h. 
52.3  i.h.p./t.f.h. 
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75.  Electric  Drive  of  Mills 


Advantages 

Electrically  driven  mills  are  the  exception.  However,  they  offer  several  advantages: 

(a)  Neatness  and  cleanliness.  An  electric  mill  house  is  much  neater  than  one  where  the  mills 
are  driven  by  steam  engines,  and  even  somewhat  neater  than  one  with  turbine  drive:  there 
are  no  steam  joints  leaking  or  dripping,  no  oil  splashing  from  the  crank  oiler  or  dripping 
from  the  lubricators;  and  no  cumbersome  steam  pipes  (Figs.  15.1  and  15.2). 


Fig.  15.1.  Mill  tandem  with  electric  drive. 


(b)  More  complete  and  definite  control.  Each  mill  is  driven  by  a  separate  motor,  since  elec- 
tric drive  lends  itself  much  better  to  individual  drive  than  the  steam  engine  and  at  least  as 
well  as  the  steam  turbine,  without  increasing  the  requirements  of  floor  space  or  manpower. 
The  power  consumed  by  each  mill  is  ascertained  at  any  moment  by  the  simple  reading  of  an 
ammeter;  thus  information  is  immediately  available  on  the  result  of  an  alteration  of  setting. 
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This  is  an  important  point  in  favour  of  electric  drive,  and  is  quickly  translated  into  impr 
extraction. 

(c)  Ready  general  regulation  of  speed.  The  speed  of  the  whole  mill  tandem  is  controlled, 
very  conveniently,  from  the  power  house. 

(d)  Ease  of  starting  and  stopping.  The  mills  are  started  by  a  push-button  control.  Stopping 
the  mills  is  equally  simple,  also  their  reversal,  as  required  in  the  case  of  a  choke.  There  is 
no  attendant  exerting  all  his  strength  to  turn  the  control  wheel  of  the  valve  gear,  or  "swing- 
ing" the  engine  to  pass  the  dead  point. 

(e)  Lower  operating  and  maintenance  costs.  Costs  of  lubrication  of  electric  motors  are 
much  lower  than  those  involved  for  steam  engines.  In  the  same  way,  costs  of  maintenance 
are  much  lower:  no  piston  rings  to  be  changed,  ovalisation  to  be  corrected,  slack  to  be  taken 
up,  valves  to  be  ground,  stop-valves  to  be  replaced,  or  delicate  adjustments  to  be  made.  A 
replacement  armature  costs  less  than  a  spare  cylinder. 
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(f)  Accidents  fewer.  No  fear  of  water-hammer,  or  of  fracture  of  a  crank-pin.  The  spare 
armature  ordered  by  the  author  in  1949  with  the  tandem  for  La  Mare  was  still  there  in  1970 
and  had  never  been  used. 

(g)  Safeguard  against  passage  of  large  pieces  of  tramp  iron.  When  a  large  piece  of  iron 
reaches  the  mill,  the  electric  motor  stops  immediately;  with  a  steam  engine  the  inertia  of  the 
flywheel  compels  the  foreign  body  to  pass,  at  the  expense  of  the  roller  grooving. 

(h)  Exhaust  steam  free  of  oil.  The  exhaust  steam  from  the  turbo  set  is  not  contaminated: 
the  tubes  of  the  first  effect,  the  juice  heaters  working  on  exhaust,  and  pans  remain  clean  on 
the  outside.  In  particular,  exhaust  steam  may  be  used  in  the  distillery,  which  is  much  more 
economical  than  reduced  live  steam:  the  least  contamination  with  oil  is  prohibitive  for 
manufacture  of  rum  by  distillation  with  direct  steam  (if  the  difficulty  is  overcome  by  heating 
the  still  by  means  of  a  pre-evaporator,  it  becomes  very  expensive). 

Disadvantages 

On  the  other  hand,  electric  drive  presents  certain  disadvantages: 

(a)  Higher  first  cost  of  installation.  The  combination:  high-pressure  boiler,  turbo- 
alternator,  switchboards,  motors  and  cables,  and  supplementary  stage  of  gearing,  costs  more 
than  the  combination:  low-pressure  boiler,  steam  pipes  and  steam  engines;  and  even  more 
than  the  total  of  high-pressure  boiler,  high-  and  low-pressure  piping,  steam  turbines,  and 
supplementary  reduction  gearing. 

If  a  factory  has  low-pressure  steam  system,  the  change  from  steam  engines  to  electric  drive 
involves  either  a  huge  immediate  expenditure,  or  a  progressive  plan  spread  over  several  years 
and  resolutely  followed,  so  as  to  allow  for  full  amortisation  of  the  equipment  by  the  time 
electrification  is  completed. 

(b)  Additional  double  transformation  of  energy.  With  a  steam-engine  installation,  the 
steam  produced  at  the  boilers  is  transformed  into  mechanical  work  in  the  mill  engines.  In 
an  electrical  installation,  in  addition  to  the  analogous  transformation  effected  in  the  turbo 
set,  the  energy  must  also  undergo:  (1)  the  transformation  of  movement  into  electric  energy 
in  the  alternator;  (2)  the  transformation  of  electric  energy  into  movement  in  the  mill  motors. 
Each  of  these  transformations  involves  a  loss  of  efficiency.  We  shall  see  later  (p.  244)  the 
final  balance  of  the  two  systems. 

(c)  Extra  stage  of  reduction  gearing.  The  speed  of  electric  motors  necessitates  the  interposi- 
tion of  an  extra  stage  of  speed  reduction  between  motor  and  mill,  taking  up  additional  space 
and  involving  further  loss  in  power. 

(d)  Less  complete  speed  control.  While  the  regulation  of  mill  speeds  is  more  immediate, 
it  is  conveniently  effected  only  on  the  general  speeds  of  the  tandem;  individual  speed  regula- 
tion is  generally  obtained  ony  with  a  sacrifice  in  efficiency,  unless  one  of  the  more  complex 
systems  indicated  later  (p.  246)  is  adopted;  these  are  more  expensive. 
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With  this  same  reservation,  turbines  and  particularly  steam  engines  maintain  their  power 
better  at  low  speeds,  and  are  more  flexible.  The  speed  range  obtainable  with  a  steam  engine 
is  much  greater  and  more  complete. 

Herein  lies  the  greatest  disadvantage  of  electric  drive  by  an  ordinary  induction  motor. 

(e)  Accidents  more  serious.  While  they  are  less  frequent,  the  accidents  liable  to  occur  with 
electric  drive  are  more  serious,  and  necessitate  a  judicious  provision  of  spare  parts. 

(f)  More  specialised  personnel.  The  electric  installation  requires  more  specialised  person- 
nel. 


SYSTEMS  OF  ELECTRIC  DRIVE  FOR  MILLS 

There  are  four  main  systems  for  electric  drive  of  mills: 

(1)  A.c.  supply  with  variable  frequency 

(2)  Ward  -  Leonard  d.c.  system 

(3)  A.c. -d.c.  cascade  connection 

(4)  Direct  current  obtained  by  rectification  of  a.c.  by  means  of  thyristors. 

Before  describing  these  systems,  we  recall  that  the  mill  is  a  machine  functioning  at  constant 
torque.  The  characteristics  which  we  describe  will  be  interpreted  as  applying  to  conditions 
of  constant  torque. 

On  the  other  hand,  the  principal  consideration  in  our  comparisons  will  be  the  manner  in 
which  we  can  obtain  the  necessary  variations  in  speed.  A  mill  should  be  able  to  function  bet- 
ween 100%  and  50%  of  its  maximum  speed.  It  is  not  practical,  and  sometimes  not  possible, 
to  operate  below  50%  of  maximum  speed.  It  will  thus  be  necessary  that  the  constant  torque 
can  be  obtained  at  50%  of  the  maximum  speed. 

Finally,  the  power  demand  of  a  mill  is  relatively  stable,  but  it  must  nevertheless  provide 
for  variations  of  demand  arising  from  momentary  overloads.  It  is  therefore  necessary  to  pro- 
vide the  motors  with  a  certain  reserve  of  power,  which  we  shall  fix  at  10%  as  a  minimum. 

We  shall  now  consider  how  these  requirements  are  realised. 

1.  Variable-frequency  a.c.  system 

This  is  the  simplest  method. 

General  regulation.  General  regulation  of  the  tandem  is  obtained  by  altering  the  frequency 
of  the  supply.  When  this  system  is  adopted,  a  separate  turbo-alternator  must  be  provided  for 
the  mills,  since  the  changes  in  frequency  provided  for  the  mills  cannot  be  inflicted  on  the 
other  motors  in  the  factory. 

The  solution  generally  adopted  consists  then  of  providing  3  turbo-alternators,  which  are 
often  of  similar  power: 
One,  of  variable  frequency,  for  the  mills 
Another,  of  fixed  frequency,  for  the  remainder  of  the  factory 

A  third  unit,  of  variable  frequency,  which  can  serve  as  a  spare  for  either  of  the  others. 
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This  regulation  of  frequency  is  obtained  by  means  of  a  special  governor  controlling  the 
speed  of  the  turbine. 

The  frequency  generally  adopted  by  European  firms  is  50  cycles.  The  range  of  speed  varia- 
tion often  is  ±  20%,  i.e.  from  40  to  60  cycles.  The  standard  American  frequency  is  60  cycles, 
and  American  firms  generally  provide  a  regulation  of  +10  to  -25%,  or  from  45  to  66  cycles. 

If  one  turbine  is  provided  for  use  for  either  variable-frequency  or  fixed-frequency  supply, 
it  should  be  provided  with  the  margin  of  safety  necessary  for  either  case. 

As  the  speed  is  varied,  the  excitation  and  the  load  remaining  constant,  the  frequency  and 
the  voltage  vary  proportionally  with  the  speed. 

The  exciter  therefore  should  furnish  a  constant  current  over  the  range  of  speed  variation 
adopted.  It  should  be  capable  of  furnishing  this  current  at  the  voltage  corresponding  to  the 
lowest  speed,  and  the  form  of  the  saturation  curve  should  allow  approximately  the  same  cur- 
rent to  be  maintained  at  other  speeds. 

The  voltage  regulator  similarly  must  be  of  special  design,  with  a  circuit  using  reactance 
rather  than  resistance,  in  such  a  way  that  the  current  will  similarly  remain  constant  when  the 
voltage  remains  proportional  to  the  frequency. 

Individual  regulation.  The  general  speed  regulation  serves  to  adjust  the  speed  and  conse- 
quently the  capacity  of  the  tandem  to  the  tonnage  required.  The  speeds  of  all  the  mills  thus 
increase  or  decrease  in  the  same  proportion;  but  we  are  often  concerned  with  one  mill  which 
takes  the  feed  (cane  or  bagasse)  less  effectively  than  the  others,  and  chokes  more  readily.  For 
this  case  an  individual  regulation  of  each  motor  is  required.  It  is  generally  considered  suffi- 
cient to  provide  a  regulation  of  10%  below  normal  speed.  This  is  obtained  by  means  of  a 
variable  resistance,  which  thus  involves  a  drop  in  efficiency  due  to  the  energy  dissipated  as 
heat  in  the  rheostat.  The  speed  can  thus  be  varied  for  each  motor  between  90  and  100%  of 
its  normal  speed,  relative  to  that  of  the  others.  For  the  crusher,  15%  is  sometimes  provided, 
i.e.  a  range  from  85  to  100%  of  maximum  speed. 

The  use  of  such  individual  speed  control  involves  inconvenience  and  loss,  due  to  the  drop 
in  efficiency,  resulting  from  the  production  of  heat,  and  above  all  the  necessity  to  reduce  the 
speed,  not  of  the  faulty  mill,  which  must  on  the  contrary  be  left  at  full  speed,  but  of  all  the 
others,  or  at  least  those  preceding  it;  these  are  reduced  to  90%  of  normal  speed.  Hence  the 
use  of  such  individual  speed  control  is  avoided  as  far  as  possible.  For  this  reason,  a  tandem 
of  mills  driven  by  this  system  nearly  always  functions  as  a  combined-drive  tandem,  that  is, 
with  the  relative  speeds  of  the  several  mills  rigidly  fixed.  This  is  a  great  disadvantage. 

Voltages.  The  commonest  voltages  are  220,  380,  440  and  500  or  550.  That  of  380  permits 
the  use  of  220/380-V  motors.  This,  and  that  of  440  V,  are  the  most  useful;  they  offer  the 
advantage  that  at  the  usual  power  factors,  the  current  read  on  the  ammeter  corresponds 
roughly  to  the  horsepower.  Since  1970,  the  trend  is  towards  voltages  of  5,500  and  1 1 ,000. 

Speeds.  The  motors  may  be  of  750  r.p.in.,  giving  730  r.p.m.  under  load,  or  of  500  r.p.m., 
giving  about  485  r.p.m. 
To  reduce  from  these  speeds  to  those  of  the  mills,  3  stages  of  gearing  are  necessary;  the 
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first  reduction  is  generally  made  by  double-helical  gearing  of  high  efficiency,  running  in  an 
oil  bath.  The  present  tendency  is  to  replace  one  at  least,  or  even  2  stages  of  gearing,  by  an 
enclosed  speed-reduction  unit.  Triple-reduction  units  are  also  made  which  replace  any  large 
gearing. 

Types  of  motor.  The  motors  employed  for  mill  drives  are  generally  wound-rotor  induction 
motors  with  slip-rings;  these  have  a  good  starting  torque  (Fig.  15.1).  Their  direction  of  rota- 
tion may  be  reversed  simply  by  interchanging  two  phases. 

2.  Ward  -  Leonard  d.c.  system 

This  system  was  particulary  widespread  in  Java.  It  consists  of  a  squirrel-cage  motor  (cf.  p. 
1090)  driving  at  constant  speed  a  d.c.  generator  which  supplies  current  to  a  motor  with  cons- 
tant excitation.  The  voltage  produced  by  the  generator  may  be  varied  from  a  certain  value 
in  one  direction  to  the  same  value  in  the  opposite  direction,  passing  through  zero.  As  the  ex- 
citation of  the  final  motor  is  fixed,  its  speed  varies  with  this  voltage;  thus  all  speeds  from 
a  maximum  in  one  direction  to  a  maximum  in  the  opposite  direction  may  be  obtained,  pass- 
ing through  zero.  The  torque  varies  little  with  speed.  The  efficiency  of  the  assembly  is  of  the 
order  of  0.79. 

This  system  comprised  3  machines  for  one  drive,  and  was  therefore  less  dependable  and 
more  expensive  than  the  preceding  systems  of  one  motor  only.  Moreover,  its  efficiency  was 
only  moderate.  It  has  been  abandoned  in  favour  of  the  d.c.  system  with  rectification  by 
thyristors  (see  below). 

3.  A.c.  -  d.c.  cascade  connection 

This  system,  equally  designated  "Kraemer  cascade",  consists  of  a  wound-rotor  induction 
motor  direct-coupled  to  a  d.c.  motor  (Fig.  15.2).  Its  rotor,  through  the  brushes  and  a  silicon 
rectifier,  supplies  the  d.c.  motor.  In  this  way  if,  for  example,  the  slip  amounts  to  20%,  in 
other  words,  if  its  speed  is  80%  of  synchronous  speed,  the  motor  supplies  to  the  shaft  80% 
of  its  nominal  power,  and  consequently  the  rotor  furnishes  the  difference  to  the  d.c.  motor, 
or  20%  of  the  nominal  power,  which  the  d.c.  motor  in  its  turn  supplies  to  the  shaft.  The 
total  power  supplied  to  the  shaft  is  then  constant  and  equal  to  100%  of  the  nominal  power. 

Reversal  of  rotation  is  obtained  by  changing  the  connections  of  the  motor  and  the  d.c. 
motor,  or  by  a  reversing  gear. 

For  a  speed  range  of  50—  100%,  the  nominal  power  of  the  d.c.  motor  should  be  the  same 
as  that  of  the  a.c.  motor.  For  a  reduced  speed  range,  the  power  of  the  d.c.  motor  could  be 
reduced  proportionally. 

This  is  the  system  applied  by  Siemens  at  the  factory  of  Jaagbaan,  in  South  Africa,  and 
devised  by  Hughes1.  He  points  out  that  an  electric  motor  can  carry  an  overload  of  75%  for 
15  seconds,  and  25%  for  2  hours.  For  this  reason,  it  will  be  sufficient  to  use  a  cascade 
assembly  of  1 10%  of  the  power  desired. 

The  system  operates  as  follows.  The  wound-rotor  induction  motor  is  for  example  of  650 
kW  at  6600  V,  running  at  1475  r.p.m.  The  d.c.  motor  on  the  same  shaft  supplies  160  kW 
at  425  V  when  it  runs  at  1030  r.p.m.,  the  speed  to  which  it  is  expected  the  system  will  drop: 
the  mill  rotates  at  4.2  r.p.m.  when  the  drive  shaft  runs  at  1475  r.p.m.,  and  at  3.1  when  the 
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shaft  runs  at  1030  r.p.m.  At  full  speed  (1475  r.p.m.),  the  induction  motor  developes  all  its 
power  of  650  kW.  The  d.c.  motor  is  then  practically  running  at  no  load,  the  slip  of  the  former 
being  low.  If  we  assume  that  the  speed  descends  progressively  below  the  maximum  speed, 
the  induction  motor  furnishes  a  lower  and  lower  power  output,  falling  to  490  kW  when  the 
speed  has  dropped  to  75%,  although  the  d.c.  motor  at  that  moment  furnishes  the  25%  of 
power  lost  by  the  induction  motor  (160  kW)  in  such  a  way  that  the  total  output  of  the  system 
thus  remains  constant  at  650  kW. 

The  torque  Cof  the  motor  increases  as  its  speed  drops,  since  C  =  P/n,  P  being  the  power 
and  n  the  speed  in  r.p.m.  We  recover  thus  the  advantage  of  the  steam  turbine,  which  allows 
coping  with  momentary  loads,  as  the  Kraemer  cascade  system  does  here,  since  the  torque  of 
the  motor  increases  at  that  moment.  In  effect,  when  the  speed  of  an  induction  motor 
decreases,  its  torque  first  increases  (c/".Fig.  43.16),  passes  through  a  maximum,  then  drops. 
It  is  the  remainder  of  the  current,  going  to  the  d.c.  motor,  which  compensates  this  drop, 
prevents  the  system  from  stalling,  and  enables  it  to  cope  with  these  overloads. 

The  efficiency  varies  from  0.86  to  0.90  when  the  speed  varies  between  50  and  100%;  the 
system  is  thus  very  efficient. 

The  cost  is  of  the  same  order  as  for  a  Ward  -  Leonard  unit  up  to  about  500  kW,  and 
becomes  more  and  more  attractive  per  kW  installed  above  that  figure.  It  represents  between 
2  and  2j  times  the  cost  of  an  induction  motor  for  our  system  (1). 

4.  D.c.  system  with  rectification  by  thyristors 

This  is  the  latest  development  which  seems  likely  to  replace  all  others,  even  including  the 
steam  turbine.  The  a.c.  supply,  for  example  at  5500  V,  is  stepped  down  to  500  V,  rectified 
by  thyristors  and  sent  to  a  d.c.  motor  which  drives  the  mill  through  a  reduction  gearing  or 
a  train  of  gearing.  This  motor  is  of  shunt  or  compound  characteristics.  For  a  given  excitation, 
its  speed  is  practically  constant  and  independent  of  load. 

The  speed  may  be  varied  practically  from  zero  to  full  speed,  and  at  least  from  40  or  50% 
to  100%  of  maximum  speed.  The  efficiency  is  that  of  a  d.c.  motor,  approximately  95%;  the 
thyristors,  heating  up  and  requiring  cooling,  operate  at  an  efficiency  of  92  —  95%.  The 
overall  efficiency  can  thus  be  reckoned  as  90%,  and  this  efficiency  is  the  same  whether  runn- 
ing at  50%  or  100%  of  maximum  speed.  The  power  consumption  is  approximately  2.7  kWh 
per  tonne  cane  and  per  mill,  say  18  —  20  kW  (24  —  27  h.p.)  per  t.f.h.  and  per  mill;  the  power 
factor  is  about  0.65  and  can  be  raised  to  0.80  by  the  use  of  condensers.  The  motor  can  carry 
an  overload  of  20%  for  20%  of  the  time. 

The  first  factory  to  instal  this  system  was  that  of  Borotou-Koro,  on  the  Ivory  Coast,  in 
1979.  The  cost  of  the  system  is  not  high,  since  there  is  only  one  motor  in  place  of  three  for 
the  Ward  -  Leonard  system,  and  two  for  the  Kraemer  cascade  system.  Power  consumption 
of  the  mill  registers  immediately  on  an  ammeter  or  wattmeter,  which  is  not  available  with 
a  steam  turbine;  the  speed  may  be  regulated  at  will  without  affecting  the  power  or  the  effi- 
ciency. Steam  consumption  depends  only  on  the  efficiency  of  the  turbo-alternator  of  the  fac- 
tory, and  that  of  the  motor  and  the  thyristors,  and  compares  favourably  with  that  of  a  two- 
stage  turbo  reduction  gear.  Cost  of  the  installation  and  upkeep  is  not  higher  than  for  a  steam 
turbine.  To  sum  up,  this  is  the  best  system  available  at  present  for  mill  drive. 
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Steam  consumption 

At  the  efficiency  corresponding  to  the  system  adopted,  steam  consumption  for  these  methods 
of  electric  drive  is  proportional  to  the  power  developed.  This  is  an  advantage  over  turbine 
drive,  for  which  the  steam  consumption  per  kWh  increases  as  the  speed  is  reduced. 


REFERENCES 
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16.  Mill  Drive  by  Steam  Turbine 


This  method  of  drive  was  tried  for  the  first  time  in  1947  in  Lousiana.  It  proved  successful 
and  expanded  very  rapidly;  it  is  the  system  most  in  use  at  the  present  day.  It  offers  some  im- 
portant advantages: 

(a)  ll  avoids  the  double  transformation  and  the  transmission  of  energy  required  by  electric 
drive.  Even  allowing  for  the  slightly  lower  efficiency  of  the  individual  mill  turbine  relative 
to  that  of  the  central  turbine  provided  for  the  whole  tandem,  a  saving  of  15-20%  of  the 
energy  required  for  the  mills  is  realised. 

(b)  It  permits  of  a  large  range  of  speed  variations  for  the  individual  mills,  without  serious 


Fig.  16.1   Turbine  and  reduction  gear  for  mill  drive  (Fives  Cail  -  Babcock)- 
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detriment  to  efficiency  This  is  a  very  big  advantage  compared  with  ordinary  induction 
motors. 

(c)  Comparing  it  with  the  electrified  tandem,  although  the  individual  turbines  are  more 
expensive  than  the  electric  motors,  it  dispenses  with  the  turbo-alternator,  the  switchboard  in 
the  power  house  and  the  electric  cables,  so  that  the  complete  installation  is  less  expensive. 

(d)  It  retains  the  same  advantages  over  reciprocating  engines  as  electric  drive:  good  star- 
ting torque,  exhaust  steam  not  contaminated  with  oil,  less  space  taken  up,  reduction  of  man- 
power for  supervision  and  maintenance,  etc. 

TURBINES  FOR  MILL  DRIVE 

On  account  of  the  high  price  of  steam  turbines,  and  [lie  steam  economy  inherent  in  the 
system,  simple  turbines  are  generally  adopted,  for  example,  those  with  double  wheel  (Fig. 
16.2).  Their  efficiency  is  not  as  good  as  multi-stage  types,  that  is,  their  steam  consumption 
is  higher;  but  the  total  steam  consumption  of  the  whole  installation  remains  very  favourable. 
A  typical  installation  is  shown  in  Fig.  16.3. 

Governing 

The  most  critical  unit  in  the  turbine-driven  mill  is  certainly  the  governor;  it  must  be  very  sen- 
sitive and  very  rapid  in  action;  it  must  not  "hunt",  and  must  assure  a  perfect  regulation  over 


Fig.  16.2.  Double  wheel  ot  steam  turbine  for  mill  drive. 
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the  whole  range  of  speed  variation  obtainable.  This  range  of  speed  should  go  from  33  or  40 
to  100,  which  variations  are  readily  obtainable.  A  range  of  50 —  100  is  insufficient  having 
regard  to  the  possibilities  of  the  steam  turbine. 

It  is  always  at  the  first  mill  that  the  difficulties  of  regulation  are  by  far  the  most  serious. 
They  are  already  reduced  at  the  second  mill,  and  are  negligible  in  the  following  mills.  Ex- 
cellent governors  are  available,  even  for  first  mills;  but  they  must  be  of  very  first-class  type. 

Power 

The  steam  turbine  is  a  very  flexible  machine  from  the  point  of  view  of  power.  Its  power  out- 
put may  be  varied  over  a  very  wide  range.  It  suffices  to  adjust  the  steam  supply  by  varying 
the  number  of  nozzles  between  the  nozzle  chest  and  the  turbine  wheel.  For  this  purpose,  the 
manufacturers  provide  mill  turbines  with  supplementary  nozzles,  which  can  be  opened  when 
the  power  output  of  the  turbine  is  on  the  point  of  becoming  insufficient.  In  this  way  it  may 
always  be  arranged  that  the  turbine  functions  near  its  full  load,  so  that  the  steam  consump- 
tion per  kWh  remains  close  to  the  minimum. 

Since  the  turbine  should  furnish  a  peak  power  corresponding  to  the  maximum  demand  of 
the  mill  which  it  drives,  but  has  to  function  at  a  mean  power  output  appreciably  lower,  it 
should  be  designed  with  a  flat  steam-consumption  curve,  and  with  maximum  efficiency  at 
two-thirds  of  full  load. 

Speed 

The  steam  turbine  is,  however,  sensitive  to  variations  in  speed  in  that  the  consumption  of 
steam  per  kWh  increases  rapidly  when  it  departs,  in  one  direction  or  the  other,  from  its  op- 
timum speed  (cf.  p.  1054).  It  is  necessary  therefore  to  ensure  that  it  works  in  the  neigh- 
bourhood of  this  optimum  speed. 

We  may  comment  also  that,  for  a  given  fixed  speed,  for  example,  5  r.p.m.  at  the  mill 
rollers,  the  specific  steam  consumption  of  an  engine  increases  with  the  power  developed  (for 
example,  as  the  hydraulic  pressure  is  increased),  whereas,  in  the  same  conditions,  the  specific 
consumption  of  a  steam  turbine  decreases  as  the  power  is  increased. 

Types  of  turbine 

The  actual  installations  made  have  oscillated  between  two  alternatives:  either  a  more  expen- 
sive turbine,  of  high  efficiency  (for  example,  one  with  4  pressure  stages),  or  a  simpler  turbine, 
of  somewhat  lower  efficiency  (for  example,  a  single-wheel  turbine).  The  choice  between  these 
two  alternatives  will  obviously  depend  on  circumstances,  and  must  be  studied  for  each  case. 
However,  in  most  of  the  cases  which  have  come  to  our  knowledge,  it  has  been  advisable  to 
avoid  the  extreme  solutions,  i.e.  both  the  single-wheel  turbine,  as  too  crude,  and  the  4-stage 
turbine,  as  too  expensive  for  individual  mill  drive;  the  best  compromise  lay  in  a  double-wheel 
turbine,  with  two  velocity  stages.  Working  between  22.5  kg/cm2  (320  p.s.i.)  and  350°C 
(660°F)  admission,  and  1.5  kg/cm2  (20  p.s.i.)  exhaust,  a  two-stage  turbine  of  good  design 
should  have  a  steam  consumption  of  between  10  and  15  kg  (22  and  33  lb.)  steam  per  h.p./h, 
according  to  its  speed  and  load.  The  thermodynamic  efficiency  of  a  double-wheel  turbine  is 
of  the  order  of  0.65;  the  overall  efficiency  of  turbine  and  speed  reducer,  approximately  0.56. 
The  following  figures  show  the  difference  in  steam  consumption  between  a  double-wheel 
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turbine  (FLC-38Y)  and  a  four-wheel  machine  (FLC  52  CP)  for  admission  steam  at  22  kg/crrr 
(315  p.s.i.)-345°C  (650°F)  and  exhaust  at  1.5  kg/cm3  (20  p.s.i.): 


Speed,  r.p.m. 

1,200 

600 

Power,  h.p. 

1,020 

510 

Steam  consumption,  kg/h 

(lb. /hj 

10,150 

(22,380 

7,850 

(17,300) 

38Y  j 

Specific  consumption, 

kg/h.p./h  (Ib./h.p./h) 

10.0 

(22.4) 

15.4 

(34.6) 

Steam  consumption,  kg/h 

(Ib./h) 

9,150 

(20,175) 

7,300 

(16,100) 

52CP  J 

Specific  consumption, 

kg/h.p./h  (lb./h.p./h) 

9.0 

(20.2) 

14.3 

(32.2) 

Figure  16.3  shows  a  turbine-driven  tandem. 


Fig.  16.3.  Mill  tandem  driven  by  stearn  turbines. 


17.  Mill  Gearing 


SPEED  REDUCTION 


Gearing  is  required  to  reduce  the  speed  of  the  prime  movers: 


Ordinary  steam  engines: 
High-speed  engines: 
Electric  motors: 
Turbine  reducers: 


40-  75  r.p.m. 
100-  150  r.p.m. 
485-730  r.p.m. 
250-750  r.p.m. 


to  that  of  the  rollers,  3-6  r.p.m. 
This  reduction  is  obtained  by  trains  of  reduction  gearing: 


2  stages  for  ordinary  engines 

3  stages  for  the  other  cases 


One  stage  of  ordinary  spur  gearing  can  effect  a  speed  reduction  of  7  or  8  to  1,  but  ratios 
greater  than  about  5  to  1  are  not  generally  employed. 

Two  stages  of  gearing  can  thus  give  a  reduction  of  5  x  5  =  25,  and  3  stages  a  ratio  of 
5  x-5  x  5  =  125. 

Types  of  gearing 

Such  trains  of  gearing  were  generally  composed  of  ordinary  spur  gears,  with  machine-cut 
teeth  (Fig.  17.1).  Double-helical  gearing  (Fig.  17.2),  while  much  more  expensive,  has  a  higher 
efficiency.  It  is  employed  mainly  in  high-speed  gearing,  and  for  high  ratios  of  reduction.  It 
readily  permits  of  a  reduction  ratio  of  10  to  1. 

Ordinary  spur  gearing  (Fig.  17.1)  is  encountered  less  and  less.  When  it  is  employed,  it  is 
now  kept  for  the  last  stage  before  the  mills,  the  slowest.  At  present  (1982),  helicoidal  gears 
(Fig.  17.3)  are  generally  used. 

Construction  of  gearing.  Formerly,  gears  were  of  cast  iron.  Today,  they  are  always  made 
of  cast  steel,  with  machine-cut  teeth. 

Wear.  When  the  gear  wheels  are  worn,  particularly  the  roller  pinions,  which  have  a  limited 
life,  their  working  life  may  be  doubled  by  reversing  them  end  for  end  on  their  shafts,  so  that 
the  unused  face  of  the  teeth  then  does  the  work. 


Fig.  17.2.  Double  helical  gearing  (Fives  Cail-  Babcock) 
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Fig.  17.3.  HeliCQida  gearing  (Fives  Cai~- Babaxk) 


Peripheral  speed.  It  is  generally  accepted  that  spur  gearing  can  be  operated  up  to  ; 
peripheral  speed  of  about  700-825  m/min  (2,300-2,700  Ft./min).  Double-helical  gearin; 
may  attain  considerably  higher  speeds. 

Oil  consumption.  This  may  be  reckoned  as  approximately  0.035  1/1:  (0.0077  gallons/li)  fo 
each  bearing  of  the  gearing  or  of  the  mill  (cf.  p.  267). 

Enclosed  gearing 

The  trend  is  more  and  more  to  replace  the  first,  or  the  first  and  second  stages,  of  the  gcarinj 
by  a  precision  reduction  gearing  with  oil  bath,  and  enclosed  in  a  gear  case.  These  spee 
reducers  are  made  in  specialised  machine-shops.  They  are  expensive,  but  much  less  bull" 
than  ordinary  gearing,  consuming  less  lubricant  and  giving  a  much  higher  efficiency,  of  tl 
order  of  98-99%  for  each  stage,  compared  with  90-95%  for  ordinary  gearing  a 
95  -  98%  for  double-helical  gearing. 

The  only  factor  limiting  their  use  and  preventing  their  substitution  for  the  last-moli 
gearing  of  mills  of  ordinary  dimensions,  is  the  maximum  torque  of  which  they  are  capab 
As  long  as  this  limit  (which  is  increasing  progressively  with  technical  progress)  is  not  reach 
it  is  of  advantage  to  make  use  of  such  speed  reducers. 

In  a  turbine-driven  mill,  for  example,  the  range  of  speeds  will  be  as  follows  (Fi 
Cail-BabcQck  tandem  of  920  x  2,000  mm  (36  x  79  in.),  at  Surac,  in  Morocco: 
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The  turbine  is  designed  for: 
The  speed  reducer  attached  to  the  turbine 

reduces  this  speed  to: 
The  independent  speed  reducer  to: 
The  helical  gearing  (pinion  and  wheel)  to: 

DRIVE  TO  THE  ROLLERS 

Since  the  top  rollers  have  to  lift  by  some  millimetres,  their  drive  must  be  designed  for  and 
must  allow  of  such  movement.  For  this  purpose,  the  end  of  the  shaft  of  the  final  stage  of 
gearing  is  provided  with  a  square  end;  the  end  of  the  roller  shaft  is  given  the  same  form,  and 
between  the  two  is  interposed  a  shaft  of  the  same  cross-section,  termed  a  "tail-bar".  The  tail- 
bar  is  attached  to  the  ends  of  the  shafts,  which  iLserves  to  connect,  by  means  of  two  coupl- 
ings (Figs.  17.4,  17.5). 

For  purposes  of  mounting,  the  tail-bar  must  have  a  length  75  -  100  mm  (3-4  in.)  greater 
than  the  combined  length  of  the  two  couplings,  and  13-25  mm  (j  — 1  in.)  shorter  than  the 
interval  between  the  two  shaft  ends  which  it  is  to  connect.  The  ends  are  often  cut  straight, 
but  certain  foreign  manufacturers  make  them  spherical,  their  surface  forming  a  portion  of 
a  sphere  with  the  centre  at  the  centre  of  gravity  of  the  tail-bar. 

Roller  pinions 

These  are  the  pinions  (sometimes  called  "crown  wheel")  fixed  on  the  end  of  the  roller  shafts, 
which  permit  the  two  lower  rollers  to  be  driven  by  the  top  roller. 

They  may  have  from  14  to  21  teeth.  The  smaller  their  number,  the  larger  and  longer  are 
the  teeth,  and  the  greater  the  range  of  settings  for  which  a  practicable  engagement  of  the  teeth 
can  be  obtained  when  the  rollers  become  worn  (Figs.  10.25  and  10.26). 

However,  when  the  pinions  are  worn,  a  14-tooth  pinion  gives  a  slightly  jerky  motion,  and 
at  each  tooth  the  lower  rollers  make  a  very  slight  but  perceptible  pause.  Tromp1,  for  this 
reason,  recommends  pinions  of  17  teeth.  The  French  manufacturers  sometimes  keep  to  14 
teeth,  but  now  tend  to  adopt  16  or  18. 

Normal  pinions  should  permit  of  the  same  relative  setting  being  obtained  for  roller  wear 
of  6  -  7%  of  the  diameter;  it  should  thus  be  possible  to  adjust  the  setting  of  762-mm  (30-in.) 
rollers  until  they  wear  down  to  710  mm  (28  in.)  as  a  final  limit.  Fulton2  has  provided  the 
1,168-mm  (46-in.)  mills  of  Belle  Glade  with  pinions  permitting  a  variation  of  75  mm  (3  in.) 
between  the  axes  of  the  rollers,  say  6.5%  of  the  diameter. 

Keys.  The  pinions  are  fixed  to  the  roller  shafts  by  means  of  keys.  These  keys  should  have 
a  taper  of  1  in  100. 

Previously  2  keys  were  used,  but  one  is  sufficient.  The  pinions  moreover  are  fixed  to  the 
shaft  while  hot,  and  often  are  very  difficult  to  remove. 

Cardan  shafts 

Tail-bar  and  couplings  form  the  classic  and  near  universal  method  of  connection  between 


4,500-9,000  r.p.m. 


600-1,200  r.p.m. 
22-     44  r.p.m. 
3  —       6  r.p.m. 


s 


K  =  7.5 

K  =  27.3 
K=  15 
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Fig.  17.4-  Mil  drive:  by  tail-bar  ant:  coupling  (Fives  Cai  -  Babcock).  1.100  x  2,134  mm  mill  being  one  of  a  tandem 
of  six  similar  mills,  hydraulic  load  800  tonnes,  speed  3.25  -6.5C  r.p.m.  capacity  8,000  tonnes/day  driven  by  1,500 

h.p  turbine. 


Fig.  17.5.  Tail-bar  and  couplings. 


gearing  and  mill.  German  manufacturers  sometimes  make  this  connection  by  cardan  shaft 
or  universal  joint  (Fig.  17.6,  cf.  also  Fig.  18.16).  This  method  is  more  flexible  and  furnishes 
a  solution  which  is  more  mechanical,  more  elegant  and,  to  sum  up,  less  crude.  It  avoids  the 
strain,  the  binding,  the  warping,  and  the  breakages  due  to  the  rigidity  of  the  assembly  of  tail-bar 
and  couplings.  It  is  more  expensive  than  the  standard  method  of  drive,  but  avoids  its  worries. 
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Fig.  17.6   Cardan  shafts 

Changes  in  height 

At  the  time  of  erecting  the  mill,  the  levels  must  be  fixed  so  that  the  centre  line  of  the  final 
gear  shaft  is  at  one-third  or  one-half  of  the  possible  movement  allowed  for  the  top  roller. 
If  the  maximum  lifi  of  the  roller  is  30  mm,  the  centre  line  of  the  final  gear  shaft  should  be 
set  at  10  or  15  mm  above  the  lowest  position  of  that  of  the  roller.  Since  connection  by  tail-bar 
lacks  flexibility,  this  precaution  is  necessary  to  avoid  binding  at  the  extreme  upper  or  lower 
positions  of  the  roller.  When  the  mill  is  working  at  maximum  lift,  the  load  on  the  bearings 
is  greatly  increased  by  this  binding  effect,  and  the  life  of  the  bearings  suffers. 


REFERENCES 

1  L.  A.  Tromp    Machinery  and  Equipment  of  the  Cane  Sugar  Factory,   Norman  Rodacr.    London,  1936, 
p.  191 

2  Sugar  A  zucar  59  (5)  (1964)  68. 


18.  Construction  of  Mills 


HOUSINGS 


Many  differeni  types  of  mills  have  been  built  throughout  the  world,  and  we  have  no  inicnlioi: 
of  describing  them  all.  We  shall  keep  to  the  pr  incipal  types. 

The  side  frames  of  mills  are  designated  by  the  name  "housings"  or  "mill  cheeks".  The 
classic  type  of  housing  (Fig.  18.1)  carries  2  long  bolts  set  near  the  vertical,  called 
"kingbolts",  which  oppose  the  lifting  force  of  the  top  roller,  transmitted  to  the  mill  caps  by 
the  hydraulic  plunger  and  the  oil  pressure. 

Next,  designers  succeeded  in  eliminating  the  kingbolts  (Fig.  18.2).  but  the  housing  then  had 
a  weak  spot,  between  the  openings  provided  for  the  shafts  of  the  top  and  delivery  rollers. 
Squid-  then  introduced  a  new  type  of  housing  (Fig.  18.3)  in  the  form  of  a  V  enclosing  the 


Fig.   18.1    Housing  will-  kingbolts  and  horizontal  bolls. 
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Fig.  18.2.  Standard  housing.  Fig.  18.3.  Squier  housing. 


3  shafts,  eliminating  the  weak  spots  and  transferring  the  thrust  to  gudgeons  fixing  it  to  the 
base.  This  idea  has  become  widespread  and  most  new  designs  are  prompted  by  it. 

At  the  same  time,  Squier  inclined  the  plates  for  adjusting  the  bottom  rollers  in  such  a  way 
that  adjustment  of  feed  and  delivery  openings  and  the  taking  up  of  wear  of  these  rollers  is 
made  without  altering  the  top  angle  of  the  mill  (Fig.  18.3).  This  solution  has  permitted  the 
elimination  not  only  of  the  kingbolts,  but  also  of  the  bolts  which  took  the  horizontal  compo- 
nent of  the  thrust  from  the  lower  rollers;  these  were  originally  long  horizontal  bolts  passing 


Fig.  18.4.  Standard  inclined  housing. 
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through  the  mill  cheek  from  one  bearing  cap  to  the  other  (Fig.  18.1)  and  later  took  the  form 
of  short  bolts  which  fixed  the  bearing  caps  to  the  main  frame  of  the  housing  (Fig.  18.2). 

The  standard  housing  is  symmetrical.  If  it  fractures,  it  is  nearly  always  on  the  delivery  side. 
Certain  designers  take  into  account  the  difference  between  the  reactions  at  the  delivery  and 
feed  rollers  (cf.  p.  161)  by  constructing  housings  with  inclined  mountings  for  the  top  roller 
(Fig.  18.4).  Fives  has  had  the  original  idea,  after  inclining  the  cap  by  15°  towards  the  feed 
side,  of  turning  the  whole  design  forward  by  15°,  so  as  to  bring  the  mill  cap  vertical  again. 
They  have  thus  obtained  the  housing  of  Fig.  18.5,  the  two  lower  rollers  of  which  are  at  dif- 
ferent heights.  This  rotation  through  15°  has  the  theoretical  disadvantage  of  increasing  cor- 
respondingly the  travel  of  the  juice  on  the  rising  face  of  the  lower  rollers,  but  in  practice  this 
disadvantage  does  not  show  up  in  the  extraction.  It  has  the  advantage,  moreover,  of  improv- 
ing appreciably  the  feeding  of  the  lower  rollers,  which  gravity  then  assists  at  the  feed  roller 
and  hinders  less  at  the  delivery. 


Top  angle  of  the  mill 

This  angle,  which  we  have  just  been  discussing,  and  which  we  have  previously  discussed,  is 
the  top  angle  of  the  triangle  formed  by  the  3  axes  of  the  rollers  seen  in  elevation.  The  vertical 
angle  consists  of  2  half-angles,  oci  and  012,  which  are  generally  slightly  different,  on  account 
of  the  different  values  of  the  feed  and  delivery  openings  (Fig.  18.6).  Since  AB  >  AC,  C  > 
B,  and  ca  <  ai.  There  is  generally  2-3°  difference.  For  example:  a\  =  37°;  on  =  35°;  a  = 
IT. 
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In  mills  of  standard  design,  the  angle  a  varies  from  70  to  85°.  A  good  value  for  a  modern 
mill  is  72°. 

Designers  aim  to  reduce  the  top  angle  as  far  as  possible.  The  smaller  the  angle  a,  the  nar- 
rower is  the  trashplate,  the  lower  is  the  friction  on  this  trashplate,  and  the  power  lost  due 
to  this  friction  (term  P}  in  our  calculation  of  Chap.  14)  becomes  lower. 

What  limits  the  angle  a  is,  in  the  first  place,  the  necessity  to  allow  clearance  between  the 
pinions  of  the  2  lower  rollers.  This  difficulty  has  been  overcome: 

(a)  By  the  system  of  alternate  pinions  (cf.  p.  167) 

(b)  By  the  system  of  a  separate  train  of  pinions  (cf.  p.  167). 

Consequently,  the  angle  a  is  now  limited  only  by  the  necessity  for  accommodating  the 
trash-bar  between  the  2  lower  rollers.  The  smallest  angle  which  we  know  is  that  attained  by 
Fives  (Fig.  18.5)  with  67°,  by  means  of  alternate  pinions  or  the  "cage  a  pignons". 

Fives  mill  F63  with  fixed  ratio 

The  Fives  mill  of  Fig.  18.5  is  the  model  C46.  This  mill  has  been  succeeded  by  model  F63, 
which  has  an  interesting  special  feature. 

We  have  seen  (p.  210)  that  an  effort  is  made  in  a  mill  to  establish  a  certain  ratio  m  between 
the  feed  and  delivery  openings  while  operating.  This  ratio  varies  according  to  the  position 
of  the  mill  in  the  tandem,  but  is  generally  not  far  from  the  value  1.9  or  2. 

This  ratio,  in  other  words  the  mill  setting,  must  be  based  on  the  tonnage  at  which  the  mill 
is  intended  to  operate.  The  tonnage,  however,  is  never  fixed;  it  varies  between  fairly  wide 
limits  from  one  minute  to  the  next,  and  these  changes  are  expressed  in  a  repeated  rise  and 
fall  of  the  top  roller.  Now  the  ratio  m  chosen  is  valid  only  for  a  given  position,  and  one  posi- 
tion only,  of  the  top  roller. 

In  a  mill  of  classical  design  with  symmetrical  housings,  if  the  setting  has  been  established 
for  a  ratio  of  2,  with  a  delivery  opening  eA  -  15  and  the  feed  opening  EA  of  30  mm,  the 
mill  will  oscillate  continually,  for  example,  between  eA  -  5,  EA  -  20  (m  =  4)  and  eA  = 
20,  EA  =  35  mm  (m  =  1.75). 

In  a  mill  with  inclined  housing,  we  have  seen  (p.  210)  that  the  feed  opening  will  alter  to 
a  smaller  extent  than  the  delivery  opening;  it  will  increase  or  decrease  by  about  70%  only  of 
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Fig.  18.7.  Con^ani-raiir  mill  Iuuimiis:  f !■' j\'c-  t'iii  -  Ikilvock) 


I  Ik  increase  or  decrease  ot  the  delivery  opening.  For  the  same  setting  as  above,  the  mil!  will 
oscillate  between  eA  =  5,  EA  =  23  (//;  =  4.6)  and  eA  =  20,       =  33.5  mm  (m  =  1 .675). 

Instead  of  allowing  the  plunger  to  rise  or  Call  in  a  straight  line,  Fives  has  conceived  the 
idea  ot  loading  the  lop  roller  by  means  ol  a  cap  which  pivots  aboul  an  axis  situated  on  iIk 
delivery  side  of  the  mill  and  located  in  such  a  way  thai  the  feed  opening  opens  or  closes  by 
an  amount  approximate^  double  the  change  in  the  delivery  opening  (Fig.  18.7).  Since  the 
ratio  m  is  equal  to  2,  or  in  the  neighbourhood  of  thai  figure,  it  does  not  vary,  or  varies  much 
less  than  with  classical  housings,  where  the  displacements  ot  1  he  two  rollers  are  equal,  or  will- 
inclined  housings,  where  the  displacements  are  in  the  ratio  0.7.  The  hydraulic  plunger  is  at 
the  same  time  locatec  on  the  feec  side  of  the  housing;  thanks  to  the  benefit  of  the  lever  arm, 
this  permits  of  a  reduction  of  its  cross-section  by  half,  but  obviously  mean1-  that  its  movement 
is  doubled. 

1 1  is  of  interest  to  ascertain  what  condition  musl  be  fulfilled  to  realise  thi$  fixed-setting 
mill.  Let  us  fix  as  the  desired  value  of  m.  not  the  approximate  value  2,  but  the  value  used 
in  Java  for  all  intermediate  mills  (c;/  Table  13.2)  or  that  which  we  have  recommended  for 
the  second  mill  (cf.  Table  13.6),  which  is  intermediate  between  those  recommended  for  the 
first  and  for  following  mills:  m  =  1.9  A  diagram  completely  analogous  to  that  of  Figs.  13.4 
and  13.5  shows  that  the  ratio  of  the  respective  lifts,  dE  al  feed  and  de  at  delivery,  depends 
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only  on  the  angle  0  between  the  plane  of  the  pivots  and  the  centre  line  of  the  top  roller  and 
the  plane  (Fig.  18.8)  of  the  top  and  delivery  rollers. 

Using  dL  to  designate  the  arc  of  the  circle  described  by  the  mill  cap  when  it  rises,  and  6 
the  angle  made  with  Ooj  and  002,  a  being  the  top  angle  of  the  mill,  and  replacing  the  arcs 
of  the  circles  with  their  tangents  at  O,  we  have: 


dE 
dL 

de 
dL 


=  cos  7  =  cos 


=  sfn  B 


[(a 


+  0)  -  ^    =  sin  (a  +  B) 


and  we  require: 


dE      sin  (a  +  0) 


de 


sin  8 


-  =  1.9 


or: 


sin  (a  +  6)  =  1.9  sin  6 

sin  a  cos  B  +  cos  a  sin  6  =  1.9  sin  B 


sin  a  +  cos  a  tan  B  =  1.9  tan  B 


tan  B  = 


sin  a 


1 .9  -  cos  a 


Since  a  is  approximately  76°: 


tan  6  = 


0.9703 


1.9  -  0.2419 


=  0.5852 


6  =  30°20' 


Fig.  18.8.  Position  of  pivot  in  the  constant  ratio  mill. 
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Fig.  18.9.  Side  v\cv-  o!  a  coiistan"  raiii:  mill. 


Thus  it  is  satisfaclorj  if  the  pivot1- m  arc  placed  in  a  plane  making  an  angle  of  30-  31*  at 
0  with  the  axial  plane  of  i he  two  delivery  rollers,  in  order  that  the  entry  and  delivery  lifts 
should  be  in  the  ratio  of  1.9.  To  obtain  a  ratio  of  2,  an  angle  of  6  -  29°  would  be  required; 
for  tn  =  2.5,  6  =  23c  15'  a  being  approximated  76°,  the  increases  in  the  openings  will  be 
in  the  ratio: 

d£  =  dL  sin  (a  +  8]  =  dL  sin  (76°  +  30°)  =  dL  sin  106°   =0.96  dL 
de  =  dL  sin  6  =  dL  sin  30°  =  0.5  d  L 

An  eccentric  (Fig.  18.7)  permits  of  adjusting  the  angle  6  between  30°  and  23°  and  thus 
altering  the  ratio  within  the  range  1.9-2.5. 

This  design  offers  the  advantage  that  the  power  absorbed  is  reduced,  due  to  the  fact  that, 
with  movement  of  the  top  roller,  friction  on  the  sides  of  the  mill  cap  is  replaced  by  rotation 
on  an  axis  with  a  hinge  movement. 

In  recent  models,  the  feed  roller  is  placed  lower  than  the  delivery  roller,  which  facilitates 
the  flow  of  juice  extracted  by  (tie  two  lower  rollers. 
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ROLLERS 

The  dimensions  of  the  roller  journals  are  determined  by  the  limit  of  pressure  permissible  for 
the  bearings  (cf.  p.  125).  Their  length  /  is  generally  made  equal  to  f  of  their  diameter  d,  and 
their  diameter  to  half  that  of  the  rollers: 

d  =       |  /  =  5  d  (18.1) 

Some  recent  mills  make  d  slightly  greater  than  D/2. 

The  hydraulic  pressure  should  be  proportional  to  LD,  and,  since  d  is  half  of  D,  it  would 
be  logical  to  make  /  proportional  to  L.  Hence  we  should  have: 

d  =  0        t  =  0.3  L  (18.2) 
i 

Designers,  moreover,  are  compelled  to  approach  the  latter  proportions  with  large  rollers, 
since  rule  (18.1)  would  otherwise  lead  to  excessive  bearing  pressures  in  large  mills,  the  rollers 
of  which  have  a  ratio  L/D  appreciably  higher  than  that  of  small  mills,  according  to  the  series 
regarded  as  standard. 

The  fillets  of  the  journal  should  have  a  radius  sufficient  to  avoid  the  risk  of  starting  frac- 
tures, as  breakages  are  more  frequent  at  these  points1.  A  radius  of  jo  of  the  journal  diameter 
is  recommended:  2  cm  for  a  40-cm  diameter  journal,  for  example.  Fracture  of  roller  shafts 
most  often  occurs  at  the  inner  side  of  the  mill  housing  on  the  driving  side. 

Fixing  the  roller  shell  to  the  shaft.  A  mill  roller  consists  of  a  hollow  cylindrical  shell  of 
cast  iron  containing  some  steel,  placed  while  hot  on  a  shaft  of  forged  steel.  The  shrinkage 
allowed  is  generally  one-thousandth,  or  sometimes  0.0008.  The  roller  is  placed  on  the  shell 
by  heating  it  to  a  dull  red  heat  and  lowering  it  onto  the  shaft,  which  is  cooled  with  water. 
Perfect  uniformity  and  control  of  the  temperature  of  heating  are  necessary  to  the  success  of 
this  operation. 

Differences  in  diameter.  Certain  designers,  including  Fives  Cail  -  Babcock,  give  the 
delivery  roller  a  larger  diameter  than  the  other  two  rollers,  the  difference  being  4-5%.  The 
feed  opening  being  greater  than  the  delivery  opening,  this  permits  of  retaining  the  same  ec- 
centrics for  adjustment  of  the  bearings  of  the  feed  and  delivery  rollers,  the  more  so  as  the 
delivery  roller  wears  more  rapidly  than  the  feed  roller  (cf.  p.  114). 

Bearings 

The  bearings  are  generally  of  bronze.  The  composition  of  this  bronze  is  rather  variable2.  The 
following  is  an  example  which  may  be  considered  typical:  Cu,  84%;  Sn,  10%;  Zn,  3%;  Pb, 
3%;  Brinell  hardness,  approximately  85. 

We  show  (Fig.  18.11  (b)  and  (c))  the  form  of  the  top  and  bottom  brasses  for  the  top  roller 
bearing,  also  that  of  the  bearings  for  the  lower  rollers  (Fig.  18.12). 
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Fig.   18.10  Constant  ratio  mill,  gear  side.  It"  shadow,  fc^dct  roller  and  hydraulic  plunger. 

These  are  expensive  items,  since  they  are  provided  with  passages  for  circulation  of  cooling 
water,  and  grooves  for  lubrication  of  the  bearing  surface,  and  are  consequently  complicated. 

Lubrication.  Lubrication  should  be  effected  by  a  groove  placed  along  a  generatrix,  at 
about  45°  ahead  of  the  zone  of  maximum  pressure,  bevelled  on  the  side  towards  which  (he 
shaft  rotates,  and  wider  at  the  centre  than  at  the  extremities  (Fig.  18.13).  ll  is  necessary  to 
feet:  more  lubricant  to  the  centre,  since  the  pressure  forces  it  towards  the  ends. 

It  is  especially  necessary  to  avoid  placing  oil  grooves  in  the  zone  of  maximum  pressure: 
this  would  mean  excessive  oil  consumption,  and  lubrication  would  be  less  effective. 

Oil  consumption  varies  between  0.06  and  0.10  1  (0.013  and  0.022  gallons)  per  bearing  per 
hour;  as  an  average,  0.07  1/h  (0,015  gallons/h). 

This  oil  should  have  a  viscosity  of  3,000-3,200  centipoises  at  40°C  (175°  Engler, 
15,000-20,000  SSU)  and  contain  the  additives:  4.5%  of  a  mixture  of  sulphur  and 
phosphorus,  0.5%  of  an  anti-foaming  agent,  0.01  °k  of  a  luhricanl  agent  ("pourpoini  depres- 
sant"). 

Cooling  water.  Cooling  water  for  the  six  bearings  of  a  mill  of  915  x  1,830  mm  (36  x  72 
in.)  running  at  10  r.p.m.  may  be  reckoned  as  1,500-2,000  1/h  (330-440  gallons/h).  For  dif- 
ferent dimensions,  this  quantity  should  vary  as  the  product  nDL. 

Bearing  guides.  Il  is  important  that  the  top  bearings  should  have  long  guides:  they  must 
not  bind  when  the  roller  tends  to  lift.  Their  top  edge  on  the  feed  side  should  be  slightly  round- 
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Fi     ig-12.  Lower  roller  brass  (shell  sljghll;  displaced  lo  slio\'  waier-circulaiior  passages). 
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Fig.  18.13.  Lubrication  of  a  mill  bearing. 


ed,  to  avoid  jamming,  and  the  face  of  the  brass  should  be  very  carefully  finished,  smooth 
and  polished,  similarly  the  surface  of  the  housing  on  which  it  slides.  It  is  of  advantage  to 
lubricate  these  surfaces  by  a  special  oil  inlet.  Some  manufacturers  provide  inserted  plates  of 
special  material,  giving  a  very  low  coefficient  of  friction. 

Antifriction  bearings.  White  metal  bearings  have  been  tried  at  the  Sucreries  d'Egypte. 
They  have  the  advantage  that  they  can  be  easily  re-metalled  at  the  factory,  and  that  they 
never  heat  up.  On  the  other  hand,  they  fail  without  warning  if  the  cooling  water  fails.  It  ap- 
pears that  they  have  given  satisfaction' in  this  instance,  but  their  use  has  not  spread  to  any 
extent. 

Roller  bearings.  The  B.M.A.  organisation  supplies  mills  in  which  the  rollers  are  mounted 
in  roller  bearings  instead  of  ordinary  bearings  (Fig.  18.14).  This  arrangement  has  certainly 
demanded  the  solution  of  several  delicate  problems.  It  has  the  inconvenience  of  requiring  a 
relatively  high  top  angle  of  the  mill,  but  still  in  the  normal  range,  i.e.  73°.  However,  it 
presents  valuable  advantages: 

(a)  Large  reductions  in  power  consumption,  since  the  term  for  bearing  friction  in  the  equa- 
tion for  power  is  eliminated;  this  represents  almost  20%  of  the  total  power  absorbed  by  the 
mill,  since  friction  of  the  rollers  is  negligible  relative  to  sliding  friction  of  a  shaft  on  the  bear- 
ing metal.  We  can  reckon  generally  on  a  saving  of  one-sixth  of  the  power  consumption  (e.g. 
250  kW  in  place  of  300). 

(b)  Elimination  of  the  necessity  for  cooling  the  bearings,  with  economy  in  cooling  water. 

(c)  Similar  elimination  of  central  lubrication  of  the  mill.  The  bearings  are  packed  with 
grease  at  the  beginning  of  the  season,  and  re-greased  periodically. 
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(d)  Reduction  in  consumption  of  lubricant. 

The  bearings  are  in  enclosed  housings  and  protected  from  contact  with  juice  by  a  layer  of 
grease.  The  mill  housings  are  of  the  Squid  type  (Figs.  18.3  and  18.15).  hence  removal  and 
replacement  are  simplified. 

B.IM.A.  stress  the  long  life  of  the  roller  bearings  and  the  journals,  and  also  the  simplicity 
of  regulating  the  settings  of  the  mill  rollers  and  trashplate.  They  add  a  claim  of  improved 
extraction.  In  the  absence  of  tangible  results,  one  cannot  contradict  the  latter  claim,  which 
however  appears  ill-founded;  but  the  other  advantages  are  incontestable.  The  cost  of  roller- 
bearing  mills  is  not  stated,  but  it  is  probably  rather  high.  Fig.  18. 16  shows  a  mill  of  this  type, 
with  individual  drive  of  ihe  three  rollers  by  cardan  shafts,  without  the  nest  of  pinions,  which 
is  replaced  by  a  triple-reduction  gear  which  takes  up  little  space. 

"Lotus"  roller.  The  Wen  Hsing  Company  of  Taiwan  has  placed  on  the  market  a  roller 
designed  by  John  Bouvet  which  has  been  named  the  "Lotus"  roller.  It  replaces  the  ordinary 
top  roller,  and  consists  of  a  cast  steel  roller  with  longitudinal  cylindrical  passages  or  pipes, 


Fig.  18.14.  Mill  with  roller  bearings  (B.M.A.) 
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Fig.  18.15    Housing  of  a  roller  bearing  mill  (B.M.A.) 


about  12  in  number,  located  concentric  with  the  axis  of  the  shaft,  and  located  a  few  cen- 
timeters below  the  roller  grooves  (Fig.  18.19).  At  the  bottom  of  each  groove,  or  alternate 
grooves,  and  just  above  each  passage,  is  located  a  hole  connecting  the  groove  with  the 
longitudinal  pipe.  When  these  holes  arrive  in  the  zone  of  maximal  pressure,  they  give  an 
outlet  for  the  juice  which  then  leaves  the  roller  by  the  flanges  at  the  end  of  the  roller. 

Such  a  system  has  the  object  of  allowing  ready  escape  of  juice  from  the  zone  of  maximal 
compression,  with  consequent  reduction  of  re-absorption,  permitting  of  higher  imbibition, 
improving  the  extraction  and  reducing  the  tendency  to  mill  slip.  It  is  the  last  effect  which 


272 


CONSTRUCTION  OF  MILLS 


Ch.  18 


is  more  marked  in  practice.  There  is  a  gain  in  extraction,  but  it  is  not  large  in  modern  mills. 
In  some  tandems  where  the  extraction  is  low,  the  gain  would  be  more  important.  On  the  other 
hand,  the  increase  in  capacity  due  to  the  reduction  of  slip  is  appreciable  and  can  attain  in 
certain  cases  30%,  which  would  thus  allow  an  increased  tonnage  to  be  obtained  from  a  mill 
of  given  dimensions.  To  materialise  this  increase,  all  mills  of  the  tandem  should  be  equipped. 

By  examining  the  space  between  the  flanges  and  mill  cheeks  by  the  aid  of  an  electric  torch, 
it  may  be  verified  that  the  passages  deliver  juice.  Blockage  of  the  passages  can  occur,  and 
these  can  be  cleared  by  blowing  steam  or  compressed  air  into  the  end  of  the  passage.  During 
the  weekly  shut-down,  it  is  necessary  to  clear  the  holes  which  may  be  blocked  and  to  clear 
the  longitudinal  passages. 

Communication  between  the  groove  and  the  longitudinal  passage  may  be  by  a  simple  holt: 
in  the  roller,  but  has  been  replaced  by  a  welded  plug  with  a  suitable  opening,  placed  every 
second  groove,  between  the  appropriate  teeth  of  the  roller  (Fig.  18.19).  The  steel  roller  suf- 
fers less  breakages  from  stones  and  metallic  objects,  but  suffers  some  deformation  which 
must  be  rectified.  It  is  useful  to  carry  out  systematic  arcing  to  give  a  permanent  roughened 
surface  on  the  roller. 

Installed  on  a  modern  mill,  this  system  gives  a  small  gain  in  extraction,  with  a  more  definite 
gain  in  capacity,  by  reducing  the  slip  of  the  rollers.  However,  frequent  cleaning  is  necessary 
to  clear  passages  obstructed  by  bagasse;  on  account  of  the  dimensions  of  bagasse  particles, 
these  blockages  are  more  frequent  in  the  later  mills  of  the  train.  If  such  cleaning  is  neglected, 
the  roller  functions  as  an  ordinary  roller.  According  to  the  manufacturer,  a  recent  improve- 
ment in  the  form  of  the  passage  through  the  plug  enables  such  blockages  to  be  completely 
avoided,  thus  dispensing  with  the  necessity  for  cleaning  the  longitudinal  passages  with  steam 
or  compressed  air. 


Fig.  18.16.  Mill  with  roller  hearings  driven  by  cardan  shafts  (B.M. A.) 
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Fig.  18.17.  Attachment  of  flanges. 


Flanges 

The  flanges  are  now  always  fixed  to  the  top  roller  (Fig.  18.17).  Generally,  12-  18  screws  are 
used  to  fix  the  flange  to  the  roller,  according  to  the  size.  These  screws  should  have  a  useful 
length  of  about  ^  that  of  the  roller,  and  a  diameter  about  ^  that  of  the  roller. 

The  flanges  become  worn,  and  it  is  necessary  to  machine  their  inner  faces  at  the  end  of 
the  season. 

The  clearance  to  be  maintained  between  the  flanges  of  the  top  roller  and  the  lateral  faces 
of  the  bottom  rollers  is  about  1.5  mm  (pg  in.).  The  object  of  this  clearance  is  to  permit  of 
unequal  lift  of  the  top  roller,  without  risk  of  jamming,  when  a  foreign  body  passes  towards 
one  end  of  the  rollers.  For  the  same  reason,  it  is  advisable  to  give  a  slight  conicity  to  the  side 
of  the  flange  facing  the  roller. 

Scrapers 

The  surface  of  the  scrapers  should  make  an  angle  of45-80°  with  the  surface  of  the  roller 
(Fig.  18.18). 


Fig.  18.18.  Position  of  scrapers. 
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When  the  scrapers  become  worn,  the  point  P  of  contact  approaches  the  plane  AO  formed 
by  the  plane  of  the  axis  of  the  roller  and  the  shaft  of  the  scraper.  There  is  a  degree  of  wear 
for  which  there  is  a  risk  of  the  scraper  being  turned  back  by  jamming  against  the  surface  of 
the  roller,  and  the  angle  (3  must  not  be  allowed  to  increase  beyond  a  maximum  of  35  -  40° . 

Standard  dimensions 

Although  some  manufacturers  do  not  follow  them,  there  exists  an  international  series  of 
roller  dimensions  which  is  very  generally  adopted.  It  is  of  American  origin  and  consequently 
based  on  dimensions  in  inches. 

The  lengths  are  in  multiples  of  6  in.,  increasing  in  steps  of  6  in.  The  diameters  are  in 
multiples  of  2  in.,  increasing  in  2-in.  steps.  There  are  2  successive  diameters  corresponding 
to  each  length,  and  2  successive  lengths  corresponding  to  each  diameter.  Table  12.3  (p.  192) 
gives  the  combinations  so  obtained. 

A  mill  dimension  is  specified  by  the  figure  for  the  diameter  followed  by  that  for  its  length. 
The  dimensions  most  frequently  employed  are  given  in  Table  18.1. 


TABLE  18.1 


COMMONEST  STANDARD  DIMENSIONS  OF  ROLLERS 

(Inches)  (Millimetres) 

24  x  48  =  610  x  1  ,220 

28  x  54  =  710  x  1  ,370 

30  x  60  =  760  x  i  ,520 

32  x  66  =  8  1  0  x  1  ,675 

32  x  72  =  810  x  1  ,830 

34  x  78  =  863  x  1  ,980 

36  x  84  =  915  x  2,134 


The  smallest  roller  dimension  met  with  in  the  sugar  factory  is  508  X  915  mm  (20  x  36 
in.).  However,  some  very  nice  little  tandems  of  355  x  508  mm  (14  x  20  in.)  are  found  in 
cane  juice  distilleries. 

With  large  mills,  there  is  a  very  definite  trend  towards  large  diameters,  even  departing  from 
the  standard  series.  In  very  large  mills  in  particular,  several  tandems  of  1,066  x  2,134  mm 
(42  x  84  in.)  are  in  existence,  in  factories  such  as  Central  Ledesma  in  Argentina,  and  at  Dar- 
nall  in  South  Africa.  The  biggest  mills  known  to  the  author  are  in  Australia3,  measuring 
1,250  X  2,500  mm  (49  x  98  in.);  another  being  installed  for  the  1983  season4  of  1,375  x 
2,750  mm  (54  x  108  in.)-  On  account  of  the  exceptional  size  of  this  mill,  it  is  of  interest  to 
give  several  details.  It  will  be  fitted  with  pressure  feeders,  rotating  at  4.66  r.p.m.,  the  mill 
rollers  rotating  at  3.59  r.p.m.  (coefficient  1.3),  and  will  be  provided  with  a  feed  roller  below 
the  bagasse  running  at  5.17  r.p.m.  It  will  be  preceded  by  a  shredder  running  at  1,100  r.p.m., 
driven  by  a  steam  turbine  of  492  kW  (660  h.p.)  for  approximately  50  kW/t.f.h.  (65 
h.p./t.f.h.).  The  rollers  weigh  42  tonnes  each,  the  mill  and  its  drive  totalling  600  tonnes.  It 
is  designed  for  a  capacity  of  16,000  t.c.d.  (approximately  667  t.c.h.,  or  92  t.f.h.).  It  will  be 
driven  by  two  steam  turbines  of  820  kW  (1,100  h.p.),  each  roller  having  its  own  tail-bar. 

Figure  18.21  gives  dimensions  of  rollers  of  the  main  series  for  three  manufacturers. 
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Fig.  18.19.  Lotus  roller. 

Considerations  on  length-diameter  ratio 

We  have  shown  on  the  graph  of  Fig.  18.20  points  representing  standard  dimensions  of 
rollers,  the  abscissae  showing  the  diameters  and  the  ordinates  the  length  of  the  rollers.  It  is 
immediately  seen  that  the  American  scale  does  not  correspond  to  a  constant  ratio  of  L/D\ 
with  large  rollers,  the  length  is  relatively  greater. 
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Fig.  18.20.  Proportions  of  mill  rollers  of  standard  dimensions. 
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Now,  since  the  hydraulic  load  F  should  be  proportional  to  LD,  the  stress  due  to  the  shear- 
ing load  carried  by  the  roller  when  in  operation  will  vary,  for  the  roller,  for  the  shaft,  or  for 
the  bearings,  all  the  diameters  of  which  are  proportional,  as: 

=  X'  ■  —  =  X"  •  -  (18.3) 


ttD2  £>2  D 


the  X  factors  being  numerical  coefficients.  The  shearing  force  will  therefore  increase  as  the 
length  of  the  roller  increases  or  its  diameter  decreases. 
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t  f  f  t  f  t  t  f  t  f 
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Fig.  18.22.  Loads  acting  on  a  roller. 

Again,  the  roller  may  be  considered  as  a  beam  uniformly  loaded  and  resting  on  2  supports 
(Fig.  18.22).  Let  p  be  the  pressure  per  unit  length  of  the  roller.  The  bending  moment  acting 
on  the  roller  in  operation  varies  as: 


P  L2 
iL  8 


PL 
8 


L2D 


whereas  the  resistance  to  bending  varies  only  as  D1.  The  bending  stress  then  varies  as: 


X' 


L2D 


 ■=  X" 

ttZ)3 


D2 


(18.4) 


32 


the  modulus  of  resistance  to  bending  for  a  beam  of  circular  section  being  7rZ)V32. 

Should  priority  be  given  to  strength  in  shear  and  consequently  to  the  rule  (18.3),  or  to  ben- 
ding moment  and  rule  (18.4)? 

To  answer  this  question,  we  shall  compare  the  relative  stresses  in  the  metal  for  the  two 
cases,  commenting  that: 

(a)  the  load  p  distributed  uniformly  on  the  roller  has  a  value 

F      .     LD      x  „ 

As  we  are  concerned  only  with  relative  values,  we  shall  take  p  =  D. 

(b)  The  maximum  shearing  stress,  which  occurs  at  the  flange  of  the  journals,  has  a  value 
T  =  pL/2. 

(c)  The  maximum  bending  moment,  which  occurs  at  the  mid-point  of  the  roller,  has  a  value 
M  =  pL2/8. 

(ef)The  maximum  stress  due  to  shearing  force  is  given  by 


t  = 
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where  r  is  the  radius  of  the  cylindrical  beam. 

(e)  The  maximum  stress  due  to  bending  moment  is  given  by  n  -  rM/l,  where  /  is  the  mo- 
ment of  inertia  of  the  cylindrical  beam. 

(/)  The  moment  of  inertia  of  a  circular  section  is  given  by  /  =  ird4/64,d being  the  diameter 
of  the  section. 

(g)The  diameter  of  the  journals  carrying  the  shearing  stress  is  0.9  of  the  shaft  diameter, 
which  in  turn  is  half  the  roller  diameter. 
We  have  then: 

(1)  Shear  load:  T  =  Py  =  °^ 


4      DL  1  13.17  L 


3 


(  0.9  x  0.5  x  D  \  2        T  D 

M  1  J 


(18.5) 


pL 2      DL 2 

(2)  Bending  moment:  M  =     -  -  — 

8  8 

The  bending  load,  however,  is  supported  partly  by  the  shaft  and  partly  by  the  roller  shell, 
assuming  that  these  are  firmly  held  together  by  three  contact  areas.  If  it  were  supported  whol- 
ly by  the  shaft,  the  stress  in  the  latter  would  be: 

D    DL2         1  32    L 2 

"    =  4  "    8  -  *  "   =  ' 


64  x  16 


If  it  were  supported  wholly  by  the  shell,  which  is  of  cast  iron,  the  strength  of  which  in  ben- 
ding is  4.5  times  less  than  that  of  steel,  the  stress  in  the  shell,  relative  to  its  capabilities  relative 
to  those  of  the  shaft,  would  be 

,,  _  D    DL2  4.5  1      .  2^  L 2 

n  ~  2  *      7T  "     r    ~  *  d2 


64 


[D'-T6> 


We  could  thus  expect  the  shaft  to  support  the  fraction  19.2/(19.2  +  32)  of  the  total  load, 
and  the  shell  the  proportion  32/(19.2  +  32).  The  stress  in  the  shaft  thus  becomes: 

32    U       19.2    12  L2 
n  =  —  *   -  X  =  —  •  —  (18.6) 

7T      D2         5  1.2     7T  D2 


Since  L/D  should  be  of  the  order  of  2,  we  see  that  it  is  the  bending  moment  which  is 
predominant,  though  the  chances  of  breakage  due  to  the  two  causes  are  similar. 
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It  follows  that  from  the  two  viewpoints  of  shearing  load  and  particularly  bending  moment, 
the  length  of  the  roller  is  an  element  of  weakness  and  the  diameter  a  source  of  strength. 

We  thus  see  that  the  ratio  of  diameter  to  length  should  be  constant  for  all  sizes.  The  solu- 
tion most  in  accord  with  experience,  and  keeping  as  close  as  possible  to  present  practice, 
would  consist  of  keeping  to  the  line  L  =  2D.  If  it  were  desired  to  extend  the  standard  series 
beyond  2,134-mm  (84-in.)  rollers,  the  necessity  for  this  would  be  apparent,  and  it  is  no  doubt 
this  reasoning  which  has  led  the  designers  of  recent  very  large  mills  to  abandon,  very  for- 
tunately, the  standard  series  and  to  choose  the  relationship  L  =  2D  for  a  1,066  x  2,134  mm 
(42  x  84  in.)  mill. 

From  these  considerations  we  can  draw  three  conclusions: 

(7)  For  fabrication  of  equal  quality,  and  for  identical  metal,  a  standard  roller  of  small 
dimensions  (e.g.  660  x  1,220  mm  (26  x  48  in.))  would  be  able  to  withstand  loads,  that  is, 
hydraulic  pressures,  relatively  higher  than  could  be  applied  to  large  standard  rollers  (e.g.  915 
X  2,134  mm  (36  x  84  in.)).  In  other  words,  higher  values  of  s.h.p.  could  be  maintained  in 
the  former  (cf.  p.  127). 

(2)  It  is  of  advantage  to  choose  preferably  a  mill  in  the  zone  L  ^  2D  of  Fig.  18.20,  rather 
than  in  the  zone  L  >  2D;  or  at  least  to  approach  the  former  zone.  In  other  words,  above 
1,220  mm  (48  in.),  preference  should  be  given  to  a  mill  of  series  B  rather  than  one  of  series  A. 

(3)  It  is  unfortunate  that  Continental  manufacturers  have  not  originated  a  metric  series: 


This  would  give  only  12  sizes,  the  range  of  capacities  covered  would  be  complete,  and  the 
series  would  be  more  logical  and  would  be  better  received  by  well-informed  technicians. 

Stainless  steel.  In  South  Africa5,  stainless  steel  No.  430  (17%  chromium)  is  recommended 
for  the  following  items:  Donnelly  chutes,  juice  trays,  trays  for  imbibition  juice  and  under 
mills,  primary  juice  piping  in  diffusers,  fine-bagasse  conveyors,  juice  weighers,  welded  sheets 
to  replace  oxidised  sheeting,  and  vacuum  piping  (6  mm  (4L  in.)  thickness  in  place  of  10  mm 


1  R.  L.  GEORGE  AND  D.  M.  Reid,  Int.  Sugar  J.,  54  (1952)  72. 

2  RAM,  (July -Dec.  1958)  305. 

3  Sugar Azucar,  (Sept.  1981)  56;  (Jan.  1982)  17. 

4  P.  Mayo  AND  D.  WRIGHT,  Proc.  ASSCT,  1983,  p.  273. 

5  44th  Conf.  SASTA,  1970,  p.  60. 


600  X  1,200  mm 
650  x  1,300mm 
700  x  1,400  mm 
750  x  1,500  mm 
800  x  1,600  mm 
850  x  1,700  mm 


900  X  1,800  mm 
950  x  1,900  mm 
1 ,000  x  2,000  mm 
1,100  x  2,200  mm 
1,200  x  2,400  mm 
1,300  x  2,600  mm 


(I  in.)). 
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19.  Imbibition 


OBJECT 

Even  when  bagasse  is  subjected  to  high  and  repeated  pressures,  it  never  gives  up  all  the  juice 
which  it  contains.  It  approaches  a  minimum  moisture,  45%  in  general,  40%  in  the  most 
favourable  cases;  that  is,  it  retains  a  high  proportion  of  juice,  amounting  roughly  to  half  its 
weight. 

In  order  to  extract  as  much  as  possible  of  the  sugar  which  it  retains,  it  is  therefore  necessary 
to  resort  to  an  artifice:  since  this  moisture  content  cannot  be  reduced,  the  effort  will  be  made 
to  replace  by  water  the  juice  comprising  it. 

It  is  this  artifice  which  constitutes  "imbibition". 

With  dry  crushing,  the  limit  of  extraction  is  very  soon  attained  in  practice:  after  the  crusher 
and  first  mill,  the  bagasse  moisture  has  already  been  reduced  to  about  60%.  After  the  second 
mill,  it  is  close  to  50%.  After  the  third  mill,  it  is  not  far  from  45%:  it  may  be  considered 
that  the  maximum  extraction  possible  with  simple  pressure  has  been  obtained.  If,  at  this 
stage,  the  bagasse  is  sprayed  with  water,  this  water  spreads  in  the  bagasse  and  dilutes  the  juice 
which  it  contains.  The  following  mill  will  then  recover  bagasse  at  the  limiting  moisture,  say 
about  45%.  But  this  moisture  will  consist,  no  longer  of  absolute  juice,  but  of  diluted  juice. 
Hence  sugar  will  have  been  extracted;  and  the  operation  may  be  repeated. 


DIFFERENT  SYSTEMS  OF  IMBIBITION 

Actually,  on  account  of  the  small  difference  between  the  bagasse  moistures,  there  is  every 
advantage  in  commencing  the  imbibition  as  early  as  the  delivery  of  the  first  mill;  the  gain 
will  be  all  the  more  rapid  as  the  juice  with  which  the  bagasse  is  still  filled  will  be  more  easily 
diluted  and  extracted.  The  quantity  of  juice  extracted  is  then  nearly  equal  to  the  quantity 
which  would  have  been  extracted  without  addition  of  water,  increased  by  the  quantity  of 
water  added.  The  quantity  of  sugar  extracted  is  much  greater  than  that  which  would  have 
been  obtained  without  addition  of  water,  since  the  quantity  of  juice  remaining  in  the  bagasse 
(which,  as  we  have  just  stated,  is  very  nearly  the  same)  now  consists  of  diluted  juice  instead 
of  absolute  juice. 

Simple  imbibition 

The  simplest  procedure  which  comes  to  mind  is  to  add  the  water  to  the  bagasse  after  each 
mill.  This  procedure  is  called  "simple  imbibition".  If  the  water  is  added  at  one  point  only, 
between  the  last  two  mills  for  example,  it  will  be  called  single  simple  imbibition.  If  it  is  added 
at  2  points,  between  the  penultimate  mill  and  the  preceding  one,  and  then  between  the 


MATHEMATICAL  STUDY  OF  IMBIBITION 


281 


penultimate  and  the  last,  it  will  be  termed  double  simple  imbibition;  similarly  for  triple  sim- 
ple imbibition,  and  so  on. 

Compound  imbibition 

This  system,  however,  consumes  much  water,  which  has  to  be  evaporated  later.  Starting  from 
single  simple  imbibition,  it  has  been  observed  that  the  dilute  juice  obtained  from  the  last  mill 
is  mostly  water;  it  has  then  been  taken  and  sent  back  before  the  preceding  mill.  This  is  what 
is  called  "compound  imbibition",  and,  in  this  case,  it  is  double.  If  the  juice  obtained  in  this 
way  from  the  penultimate  mill  is  again  returned  before  the  previous  mill,  this  becomes  triple 
compound  imbibition;  and  so  on  (Fig.  19.1). 


"  1  Juice 

Fig.  19.1.  Quadruple  compound  imbibition.  Fig.  19.2  Dry  crushing. 


MATHEMATICAL  STUDY  OF  IMBIBITION 

For  the  sake  of  a  thorough  understanding  of  imbibition,  which  is  more  complex  than  it  ap- 
pears to  many,  and  which  plays  an  important  part  in  the  financial  results  of  the  sugar  factory, 
we  shall  study  in  order: 

(a)  Dry  crushing 

(b)  Wet  crushing 

(c)  Multiple  simple  imbibition 

(d)  Multiple  compound  imbibition. 

(a)  Dry  crushing 

Dry  crushing  consists  of  all  the  successive  applications  of  pressure  on  the  bagasse  in  a  milling 
tandem,  without  previous  addition  of  any  liquid. 

We  shall  assume  the  presence  of  a  crusher,  and  group  it  with  the  first  mill.  Suppose  we 
reserve  for  dry  crushing  a  number  n  of  mills.  Let  us  use  for  each  of  these  mills  the  subscripts: 
1)  2  3  ^  .  .  .  ^  n . 

In  Fig.  19.2,  let; 
/      =   fibre  per  unit  of  cane 
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mp   -   fibre  in  bagasse  furnished  by  mill  no.  p 
bp    =  quantity  of  bagasse  furnished  by  mill  no.  p 
j       =  quantity  of  juice  furnished  by  mill  no.  p. 

Let  us  consider  a  unit  weight  of  cane  passing  through  the  mills.  We  have: 

1  •  /  =  b,  •  m,  =  b2  •  m2  =  ...  =  bn  •  mn 

Whence: 

f  f  f 

b,  =  —         b2  =  —  ...  b,,  =  —  (19.1) 


nil  mi  trip 


At  the  1st  mill,  we  have  then: 


L 


At  the  2nd: 


.  •  '  (.-XV./(±-±) 


At  the  3rd: 


y) . ,  _  /  _  ( ,  _  / 

nil       \  mi 


'  \  /«i      m2  /         \  mi      nil  ' 


At  the  nth  mill: 


J„=f(  —  ~  —  )  (19.2) 

In  practice,  it  is  found  that  the  fibre  in  bagasse  increases  rapidly  towards  a  limit  m  which 
is  always  in  the  vicinity  of  0.5.  In  consequence,  the  quantity  of  juice  extracted  by  the  suc- 
cessive mills  falls  rapidly  and  tends  towards  zero. 

Let  m  be  the  fibre  content  of  the  bagasse  from  the  last  dry  crushing  (which  we  have  called 
mn  in  the  notation  adopted).  The  juice  extraction  has  the  value: 

i-L 

e>  _  juice  extracted  _  m  _     m  -f  (19  3) 

juice  in  cane        1  -  /      m  (1  -  f) 


For  normal  tandems,  where  the  dry  crushing  is  effected  by  the  first  mill  only,  this  formula 
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Fig.  19.3.  Juice  extraction  in  the  first  mill. 


gives  the  extraction  of  juice  by  the  first  mill,  m  being  the  fibre  content  of  first-mill  bagasse 
(Fig.  19.3).  We  see  the  marked  influence  of  fibre  in  cane,  and  the  influence  of  the  fibre  of 
first-mill  bagasse,  which  is  normally  of  the  order  of  32-34,  and  varies  only  slightly  when 
the  fibre  /of  cane  varies  from  10-16. 

The  purity  of  the  extracted  juice  being  higher  than  that  of  the  residual  juice,  the  extraction 
of  sugar  is  superior  to  that  of  juice,  and  has  a  value: 

m  (\  -  f) 

where  a  is  a  coefficient  having  a  value  of  1.05-  1.10. 
(b)  Wet  crushing 

As  a  first  approximation,  we  shall  postulate  that  the  dry  crushing  is  taken  to  the  stage  where 
the  fibre  m  of  the  last  dry-crushing  bagasse  approaches  the  limit  m  =  0.5. 

At  this  stage  (Fig.  19.4),  we  add  w  of  water  before  the  following  mill,  which  we  call  the 
first  wet-crushing  mill.  From  then  on,  we  may  assume  that  all  the  following  mills  reduce  the 
bagasses  to  a  fibre  in  the  vicinity  of  m.  They  give  therefore  f/m  of  bagasse  and: 

f  f 

—  +  w  -  -  =  w 

m  m 


of  juice. 
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w  w 
Fig.  19.4.  Wet  crushing. 


We  have  then: 


(  Juice  entering  =   /  +  w 

y  m 

Juice  extracted  =  w 


The  proportion  of  juice  extracted  is  therefore: 


r  

w 

wm 

/ 
m 

f  (1  _  m)  +  wm 

(19.5) 


In  practice,  the  proportion  of  sugar  extracted  is  different: 

(/)  Imbibition  is  commenced  well  before  the  dry  crushing  has  brought  the  bagasse  to  the 
fibre  limit.  In  fact,  imbibition  is  applied  as  early  as  the  delivery  from  the  first  mill.  It  follows 
that  the  first  wet-crushing  mills  give  a  quantity  of  juice  greater  than  w.  However,  calculation 
will  show  that  the  final  extraction  is  hardly  superior  to  what  it  would  have  been  if  the  fibre 
limit  had  been  attained  as  early  as  the  first  mill. 

(2)  The  juice  extracted  is  always  slightly  higher  in  purity  than  the  residual  juice. 

(3)  On  the  other  hand,  the  water  (or  the  imbibition  juice  in  the  case  of  compound  imbibi- 
tion) mixes  only  in  a  proportion  f3  with  the  juice  contained  in  the  bagasse  to  which  it  is  ap- 
plied. There  is  a  proportion  of  this  juice  which  is  not  reached  nor  diluted  by  the  water,  by 
reason  of  unopened  cells,  and  of  the  too  great  affinity  of  bagasse  for  water,  which  causes 
the  top  layer  to  take  the  major  part  of  the  water  applied;  this  is  more  readily  extracted  by 
the  following  mill  than  the  juice  contained  in  the  bagasse.  It  follows  that,  of  the  quantity 
of  sugar  which  it  receives,  this  mill  recovers  only  a  proportion: 


j8r  <  r 


We  shall  use  the  coefficient  8  to  include  the  favourable  terms  (7)  and  (2),  as  well  as  the 
unfavourable  term  (3),  which  moreover  has  a  more  marked  effect  than  the  others. 
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Simplification  of  r.  Let 

w  =  X/  (19.6) 

w  =  quantity  of  imbibition  water  added  per  unit  weight  of  cane 
/    =  fibre  content  per  unit  of  cane 

X    =  ratio  of  weight  of  imbibition  water  to  weight  of  fibre  =  w/f. 

This  term  X  is  very  useful:  it  is  X  and  not  w  which  characterises  the  imbibition.  In  fact, 
eqn.  (19.5)  may  be  written: 

,  =  — *5   (19.7) 

1  -  m  +  Xm 

which  shows  that  the  extraction  depends  on  X,  and  not  on  w;  r  does  not  alter  when  w  and 
/  vary  in  proportion. 

Since  m  is  always  in  the  vicinity  of  0.5,  we  have: 

r  =  (19.8) 
X  +  1 

(c)  Simple  multiple  imbibition 

We  have  seen  that  simple  imbibition  means  imbibition  carried  out  by  means  of  water  only, 
without  any  return  of  juice  to  the  bagasse. 

Simple  imbibition  is  called  multiple  when  the  water  is  applied  at  2  or  more  points  before 
2  or  more  mills. 

If  there  are  n  wet-crushing  mills,  it  is  customary  to  distribute  equally  over  the  n  mills  the 
quantity  w  of  water  used. 

Each  mill  then  receives  w/n,  and  the  proportion  of  juice  extracted  by  each  mill  is  obtained 
by  replacing  w  by  w/n  in  the  expression  for  r: 

r  =    (19.9) 

n  (1  -  m)  +  \m 

and,  for  m  -  0.5: 

r  =  (19.10) 
X  +  n 

For  unit  quantity  of  sugar  arriving  at  the  first  wet  crushing,  this  mill  recovers  j8r.  There 
remains  1  —  j8r.  If  w/n  of  water  is  again  applied  and  the  bagasse  is  again  compressed,  this 
second  operation  will  again  furnish//m  of  bagasse,  and  w/n  of  juice,  and  will  recover  (3'r' 
of  the  sugar  presented  to  it. 

But  r'  =  r,  since  the  quantity  of  water  is  the  same,  w/n,  and  since  m  '  —  m  by  hypothesis. 
Similarly,  we  shall  postulate     =  (3,  since,  while  the  remaining  juice  must  have  become  more 
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difficult  of  access,  the  bagasse,  to  compensate  for  this,  has  been  better  prepared  by  an  addi- 
tional pressure. 

Actually,  the  successive  values  ofO  should  decrease  along  the  train,  since,  as  the  bagasse 
becomes  exhausted,  the  juice  which  remains  after  each  pressure  must  be  more  and  more 
enclosed  in  the  undamaged  cells,  and  the  finer  subdivision  of  the  bagasse  can  compensate 
only  slightly  for  this  disadvantage. 

Let  us  assume,  however,  that  (3  =  0'  =  0"  =       and  adopt  a  mean  value  of  0. 
The  1st  pressure  will  leave  I   -  0r  of  sugar.  Of  this,  the  2nd  will  recover: 

(1  -  $r)  (3r 

The  first  2  pressures  together  will  therefore  furnish: 

pr  +  (1  -  &r)  pr 

There  remains: 

1  -  [0r  +  (1  -  0r)  m  =  (1  -  @rY 
Of  this,  a  3rd  wet  crushing  will  recover: 

(1  -  pr)2  pr 
Hence  these  first  3  pressures  together  will  give: 

0r  +  (1  -  (3r)(3r  +  (1  -  Pr)2Pr 
and  so  on.  After  n  wet  crushings,  there  has  been  extracted: 

0r  +  (1  -  0r)  0r  +  (1  -  (3r)2  0r  +  ...  +  (1  -  prf-[  (3r 
a  geometrical  progression  the  sum  of  which  is: 

1  -  (1  -  0r)n 

The  total  extraction  of  the  tandem,  dry  crushing  plus  wet  crushing,  is  therefore: 


a  (m  —  f)  u  1" 

j      a  (m 

-f)' 

[1  -  (1  -  0rf) 

m  (1  -  f)  L 

m  (I 

-f). 

(19.11) 
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where: 

X  w 

r  -    X  = 

X  +  n  f 

m  =  fibre  content  of  bagasse  from  the  last  dry-crushing  mill 
n    =  number  of  imbibitions  =  number  of  wet-crushing  mills 
w  =  total  weight  of  imbibition  water  per  unit  weight  of  cane 
/    =  weight  of  fibre  per  unit  weight  of  cane 

a  is  of  the  order  of  1 .05  -  1 . 10 

j3  is  of  the  order  of  0.60-0.80  for  water. 

(d)  Compound  multiple  imbibition  -  theoretical  study 

Compound  imbibition  is  the  system  which  consists  of  applying  water  before  the  last  mill,  of 
returning  thejuice  obtained  at  the  last  mill  as  imbibition  before  the  second-last  mill,  thejuice 
from  the  latter  mill  before  the  next  one  preceding,  and  so  on.  The  juice  from  the  2nd  wet- 
crushing  mill  is  thus  returned  before  the  1st  wet-crushing  mill,  and  only  the  juice  from  this 
first  wet-crushing  mill  goes  to  manufacture  with  the  dry-crushing  juice. 

In  Fig.  19.5  let  e\  ez,  e^,  ...  be  the  corresponding  quantities  of  sugar  extracted  by  the  1st, 
2nd,  3rd,  ...  wet-crushing  mills,  for  unit  quantity  of  sugar  remaining  after  dry  crushing.  If 
each  of  the  latter  gives  a  bagasse  of  fibre  m,  each  of  them  will  recover  w  of  juice  and  will 
extract  a  proportion  r  of  sugar. 

As  a  first  approximation,  we  shall  disregard  the  coefficient  (3  and  calculate  the  total  extrac- 
tion of  sugar  obtained  in  this  way. 

At  the  1st  wet-crushing  mill,  there  arrives  a  quantity  of  sugar: 

Ai  =  1  +  ez 
The  1st  wet-crushing  mill  extracts  of  this: 

ex  =  rAi  =  r  (1  +  e2) 


Fig.  19.5.  Multiple  compound  imbibition. 
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There  remains  in  the  bagasse: 

Bx  =  A\  (1  -  r)  =  (1  +  e2)(l  -  r) 
At  the  2nd  mill  there  arrives  a  quantity  of  sugar: 

A2  =  e3  +  5,  =  e3  +  (1  +  e2)  (1  -  rj 
The  2nd  mill  extracts  from  this: 

e2  =  rAz  =  res  +  r  (1  +  e2)  (I  -  r)  =  res  +  e,  (1  -  r) 
There  remains  in  the  bagasse: 

Bz  =  A2  (1  -  r)  =  e3  (1  -  r)  +  (1  +  e2)  (1  -  r)2 
The  quantity  of  sugar  arriving  at  the  3rd  mill  is: 

As  =  e4  +  B2  =  e4  +  e3  (1  -  r)  +  (1  +  e2)  (1  -  r)2 
The  3rd  mill  extracts  from  it: 

es  -  rAy  -  re*  +  res  (1  -  r)  +  r  (1  +  e2)  U  -  r)1  =  re4  +  e2  (1  -  r) 
Similarly  for  the  following  mills,  there  arrives  at  the  (n  -  l)th  mill  a  quantity  of  sugar: 
An_y  =  en  +  e„_,  (1  -  r)  +  e„_2  (1  -  r)2  +  ...  +  e3  (1  -  ry>->  +  (1  +  e2)  (1  - 
The  (n-  l)th  mill  extracts  from  this: 

e„~i  =  ren  +  (1  -  r)  en^ 

There  remains  in  the  bagasse: 

A-i  =  ^  (1  -  r)  +  efl_,  (1  -  r)2  +  ...  +  es  (\  -  &-i  +  (1  +  e2)  (1  -  /■>•-' 
There  arrives  at  the  last  mill  a  quantity  of  sugar: 

>4„  =  0  (water)  +  en  (1  -  rj  +  efl_,  (1  -  r)2  +  ...  +  e3  (1  -  +  (1  +  e2)  (1  -  r)»-' 

The  last  mill  extracts  from  this: 
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If  we  set  down  the  various  values  found  for  the  successive  extractions  e,  and  if  we  add  the 
equations  so  obtained,  a  large  number  of  terms  cancel  out  on  one  side  or  the  other,  and  we 
have: 


e„  = 

-  ™n-\ 

e„-\  = 

+ 

e„-2 

-  re„_2 

en-i  = 

ren 

l  + 

-  ren.3 

+ 

ei  = 

rei 

+ 

e2 

-  re2 

e2  = 

re} 

+ 

e\ 

-  re\ 

e\  = 

re2 

+ 

r 

en  = 

re* 

+ 

r 

-  rex 

(19.12) 


whence: 


1  -  r 


A  similar  addition  may  also  be  made  omitting  the  first  of  the  equations  (19.12).  We  then 
obtain: 


e„_,  =  ren  +  ren_x  +  r  (1  -  e,) 


whence: 


e„_,  =  (1  -  <?,) 


+ 


—  1 

-  r)2  J 


1  -  r      (1  -  r) 

Omitting  similarly  2,  3,  ...  equations,  we  have  successively: 


"   -l\   (/^  i/r)\ 


ei  =  (\  -  e{) 


But: 


e\  =  r  (1  +  e2)        e2  = 


e\  —  r 
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We  have  then: 


ei  -  r 

=  (1  -  e 

r 


» [ri-^(.^),  +  -  +  (r :-)-] 


Whence: 


-  [,',•(,:,)-•••••(./,)'] 


e\      r  ■  —  


Ll  -  r      Vl  -  /■/  \  1  -  r/  J 


But: 


X 

X  +  1 


Hence: 

X  =  (19.13) 
1  -  r 

Each  of  the  expressions  in  square  brackets  in  the  expression  for  e\  above  is  a  geometrical 
progression,  the  sum  of  which  is: 

.     X"-1  -  1 

A  '  

X  -  1 

Hence: 

-  1 

1  +  X  •  

x7  i       ~\~  Y  x»  1  i 

1   +  •  X  •  

X  +  1  X  -  1 

or: 


\n  _  1 

ei  =  X  •  —   (19.14) 

X"+l  -  1 


This  expression  postulates  X  ^  1.  For  X  =  1,  we  find  readily,  by  reference  to  the  formula 
in  r  above: 
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e\  =       —         (x  =  i) 
n  +  1 


Hence  the  total  extraction  for  the  tandem,  dry  crushing  plus  wet  crushing,  is: 

a  (m  -  y)  +  r  _  Mm  -  ./)  1  x  .  X"  1  (19J5) 
m  (1  -/)      L       ^  (1  - /)  J         +  i  -  1 

where: 

Practical  results 

The  same  3  causes  already  discussed  on  p.  283  intervene  in  compound  as  in  simple  imbibition 
to  modify  the  results.  If  results  obtained  in  practice  are  compared  with  those  forecast  by  the 
foregoing  calculation,  it  is  found  that  the  difference  obtained  may  be  expressed  in  terms  of 
an  efficiency  coefficient  which  we  shall  define  as  follows: 

_  sugar  actually  extracted  by  the  imbibition  concerned 

sugar  which  would  have  been  extracted  according  to  the  preceding  theoretical  formulae 

This  coefficient  j3  is  unfortunately  variable,  and  depends  on  the  efficiency  of  the  system 
of  imbibition  used,  on  the  condition  of  the  rollers,  the  performance  of  the  mills,  the  state 
of  preparation  of  the  bagasse,  and,  in  compound  as  in  simple  imbibition,  on  the  place  of 
the  mill  in  the  tandem.  However,  it  would  not  be  greatly  in  error  to  adopt  a  coefficient  of 
the  order  of  0.6-0.8. 

Further,  imbibition  with  water  under  pressure,  as  carried  out  at  the  last  mill  with  com- 
pound imbibition,  and  at  all  mills  with  simple  imbibition,  has  an  efficiency  slightly  higher 
than  that  of  imbibition  with  juice  flowing  onto  the  bagasse  by  gravity. 

Similarly,  water  applied  under  pressure  penetrates  the  bagasse  better  than  when  it  is  in  the 
form  of  a  fine  spray:  a  distributor  in  the  form  of  a  perforated  pipe,  with  holes  at  intervals 
of  25  — 40  mm  (1  —  \\  in.),  is  more  effective  than  a  distributor  with  atomisers  giving  a  spray 
in  the  form  of  a  cone  which  spreads  the  water  more  uniformly  over  the  layer  of  bagasse.  The 
reason  is  that,  in  the  second  case,  only  the  top  layer  of  bagasse  is  wetted,  whereas  in  the 
former  case,  the  jets  of  water  penetrate  further  into  the  interior  of  the  bagasse  and  the  water 
is  distributed  more  uniformly  as  regards  depth. 

We  may  comment  in  this  connection  that  MittaP,  in  India,  has  found  a  better  efficiency 
with  water  under  a  pressure  of  0.5  kg/cm2  (7.5  p.s.i.)  than  under  1.0  kg/cm2  (15  p.s.i.).  It 
is  actually  advantageous  to  apply  imbibition  under  a  head  of  5-6  m  (15-20  ft.). 

As  a  first  approximation,  we  may  assume: 


For  water  under  pressure:  0  =  0.60-0.80 
For  return  of  juice:  0  =  0.50-0.70 
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2     Imbibition  \  3 


2  3 
mbibitionX 


0  1 

Fig.  19.6.  Variation  of  residual  extraction  as  a  function  of  imbibition.  Theoretical  graph. 
Fig.  19.7.  Variation  of  residual  extraction  as  a  function  of  imbibition.  Practical  graph  Q3  =  0.8) 
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Fig.  19.8.  Variation  of  residual  extraction  as  a  function  of  imbibition.  Practical  graph  (/i  =  0.6). 
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However,  to  avoid  complication,  it  will  suffice  in  practice  to  adopt  a  single  value  of  j3,  easy 
to  calculate  in  each  case,  and  which  we  shall  take  equal  to  0.60  or  0.65,  in  the  absence  of 
more  precise  figures. 

Case  of  compound  imbibition.  To  take  into  account  the  coefficient  j3,  it  will  be  necessary 
therefore,  in  our  formula  (19.15),  to  replace  X  by: 

0r 

\'  =  -    (19.16) 

1  -  (3r 

We  show  now,  for  the  2  methods  of  imbibition: 

(a)  Theoretical  graphs  obtained  by  the  original  formulae  (Fig.  19.6). 

(b)  The  same  curves  corrected  to  allow  for:  (1)  a  coefficient  (3  =  0.8  (Fig.  19.7);  (2)  a  coef- 
ficient p  =  0.6  (Fig.  19.8). 

It  is  seen  immediately  that  the  introduction  of  the  coefficient  j3  is  much  more  disadvan- 
tageous in  compound  than  in  simple  imbibition.  Whereas  the  theoretical  curves  which  express 
the  effect  of  simple  imbibition  are  far  below  the  corresponding  curves  for  compound  imbibi- 
tion, the  relative  distance  of  the  corrected  curves  is  much  less,  and  if  a  very  low  value  were 
adopted  for  j8,  these  curves  would  end  up  by  being  approximately  superimposed  (or  strictly 
speaking,  by  intersecting). 

Conclusion.  (1)  The  difference  in  value  presented  by  the  2  modes  of  imbibition  is  much 
less  important  than  the  theoretical  formulae  would  lead  one  to  suppose. 

(2)  The  efficacy  of  the  system  of  imbibition  is  of  greater  importance  in  compound  than 
in  simple  imbibition. 

Comment.  Our  hypotheses  (1)  of  a  bagasse  fibre  of  0.5  in  all  cases,  and  (2)  of  a  single  and 
constant  coefficient  0,  are  approximations  only;  but  they  are  sufficient  to  show  at  what  point 
a  mediocre  efficiency  affects  the  results  of  compound  imbibition.  It  is  this  point  especially 
that  we  wish  to  emphasise. 

Brix  and  sugar  content  of  juices  with  compound  imbibition 

We  have  calculated  the  extraction  with  compound  imbibition  by  taking  as  unity  the  quantity 
of  sugar  remaining  after  dry  crushing,  and  calculating  the  successive  quantities  e\,  ez,  Si,  ... 
en  of  sugar  extracted  by  the  successive  wet-crushing  mills. 

This  calculation  assumed  that  the  quantities  of  sugar  extracted  by  the  various  mills  were 
proportional  to  the  quantities  ofjuice  extracted  by  them  (r);  in  other  words,  that  the  imbibi- 
tion juice  mixed  completely  with  the  juice  previously  contained  in  the  bagasse  which  received 
it. 

Let  us  retain  these  assumptions,  and  consider  now  the  sugar  content  of  these  different 
juices.  Let: 

S0  =  pol  content  of  the  juice  remaining  after  dry  crushing 

Si,  S2,  S3,  Sn  =  pol  contents  of  the  juice  furnished  by  the  1st,  2nd,  3rd,  nth  wet- 
crushing  mills. 
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Similarly,  let  us  consider  the  relative  pol  contents,  as  proportions  of  the  pol  content  So  of 
the  juice  remaining  after  dry  crushing: 

5\  S2  Ss  Sn 

S]  —    —  S2  =  —  53   —    —  ...  S„  

So  So  So  So 

Finally,  all  expressed  per  unit  weight  of  cane,  let: 
Qo  =  weight  of  pol  remaining  in  the  bagasse  after  dry  crushing 

Qu  Q2,  Qi,  ■•■■>  Q„  —  weights  of  pol  extracted  by  the  1st,  2nd,  3rd,  ...,nth  wet-crushing 
mills 

j     =  weight  of  juice  present  in  each  bagasse 
w    =  weight  of  imbibition  juice  or  water  applied  at  each  mill. 
Note  that: 


Since: 


w  j  ^  w  _       r      _  x  w 

j  +  w  j  +  w  J       \  -  r  J 

we  have: 

On 

Qo  =  JSo  =  1 

Qi  =  wSi  ~  e\  =  -  -—  =  \si 


Qo  JSo 

Qi  WS2 

—  ei  =  

Qo  jSo 


Qz  =  wS2         -  ei  =  -  ~-  -  Xs2 


Qn  =  wS„       n   =  en  =  — -  =  \5„ 


Hence  we  may  derive  (c/.  p.  288): 

Sp  +  ]  _  Sp+]  _-ep+,       (1  -  <?,)  (X  +  X2  +  X*  +  ...  +  X»-") 


Sp        Sp        ep       (1  -  <?,)  (X  +  X2  +  X3  +  ...  + 


or. 


Sp+l       "     X  -  1  X"""  -  1 


*r       x  •  — -  (19.17) 

X  -  1 
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We  have  thus  obtained  a  recurrence  formula.  This  equation  is  valid  only  for  1  ^  p  ^ 
since: 

S2      e2      ,  Si  ei 

-  -  =  --  but  —  =  — 
Si     ei  So  ? 

We  shall,  however,  verify  that  it  is  valid  for  Si/So,  that  is,  for  p  =  0. 

We  have  in  fact,  assuming  that  the  mixture  of  juice  is  complete  after  imbibition,  and  that 
the  juice  extracted  by  the  mill  and  that  remaining  in  the  bagasse  consequently  have  the  same 
sugar  content: 

Si  (w>  +  j)  =  Soj  +  S2w 

5!  =  rS2  +  (1  -  r)  So 

Si        S2  S2  Si 

-  =  r  —  +  (1  -  r)  =  r  •  —  •      +  (1  -  r) 

So        So  S,  So 


Hence: 


or: 


(■:;)- 


t-i 

S,  M  -  r)  '  S, 

-  =  r  •  •    -  +  (1  -  r) 

So  /     r    \ "  ,  So 


S,  =  1  -  r 

So  ~  " 


(V,)' 


(, r  /) 


l-l 


1  -  r  ■ 

I      r       \  n 

1 


Si  X"  -  1 
So     \"-    -  1 


Q.E.D. 


We  have  then: 


X"  -  1 

V!  =   
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si  ~  ~x"~-'T  x"~+T~- T 

53     x«  !  -  1    X""2  -  1  X"  2  -  1 

S3    =  53  •   -  -    =   '   —    =  

s2      X"+l  -   1    X"  1  -  1  X"+'  -  1 


5=5     ,  •- 

p      p-i  s 


\n-p+2    _    J       ^fl-p+l    -    1  _     \"   P  +  I    -  1 


We  may  therefore  calculate  the  pol  content  of  any  imbibition  juice,  knowing  simply  So  and 
X.  We  have: 


(19.18) 


n    =  number  of  wet-crushing  mills 

p    =  number  of  the  wet-crushing  mill  concerned  (i.e.  its  position  in  the  sequence  of  wet- 
crushing  mills) 

S    =  pol  content  of  the  juice  of  this  plh  wet-crushing  mill 

So  =  pol  content  of  dry-crushing  juice  =  pol  content  of  normal  juice 

X    =  w/f=  weight  of  imbibition  water  per  unit  weight  of  fibre. 

Note.  We  have  just  seen  above: 


e,  =  Xs, 


5,  = 


X"-  1 


X"+'-  1 


from  which  we  obtain: 


e,  =  X  • 


X"  -  1 


X" 


+■  i 


which  provides  a  second  derivation  of  this  important  and  interesting  equation. 

Brix.  The  relationships  which  we  have  just  shown  for  the  sugar  contents  could  equally  well 
have  been  derived  for  the  brixes,  if  we  accept  the  hypothesis  that  the  purities  of  the  successive 
juice  were  the  same.  Actually,  they  decrease  from  mill  to  mill,  but  this  scarcely  more  than 
compensates  for  the  approximations  due  to  our  hypotheses,  and  we  may  equally  well  write: 
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Bp=  Bo- 


(19.19) 


Xn+1  -  1 


B  =  brix  of  juice  from  pih  wet-crushing  mill 

Bo  =  brix  of  the  dry-crushing  juice  =  brix  of  normal  juice 

n    =  number  of  wet-crushing  mills 

p    =  position  of  the  wet-crushing  mill  concerned,  in  the  wet-crushing  mills 
A  =  weight  of  imbibition  water  per  unit  weight  of  fibre  =  w/f. 

Practical  conclusions 

The  results  of  the  preceding  theoretical  discussion,  and  of  experience,  lead  to  the  following 
practical  conclusions: 

(a)  For  equal  quantity  of  water  used,  compound  imbibition  is  superior  to  simple  imbibi- 
tion. 

(b)  Compound  imbibition  leads  to  a  much  greater  return  of  juice  to  the  bagasse:  twice  as 
much  for  double  compound,  thrice  as  much  for  triple,  for  the  same  quantity  of  water.  For 
this  reason,  when  the  limiting  factor  is,  not  evaporator  capacity,  but  choking  at  the  mills, 
crushing  rate  is  restricted  much  sooner  with  compound  than  with  simple  imbibition.  In  this 
case,  one  may  resort  to  a  compromise  between  the  2  procedures;  for  example,  in  the  case 
of  17  rollers: 

Imbibition  with  water  before  the  5th  or  last  mill 
Imbibition  with  water  before  the  4th  mill 
Return  of  5th-mill  juice  before  the  3rd  mill 
Return  of  4th-mill  juice  before  the  2nd  mill 

Transfer  to  manufacture  of  the  juices  from  crusher  and  1st  mill  (primary  juice) 
Transfer  to  manufacture  of  the  juices  from  2nd  and  3rd  mills  (secondary  juice). 

For  average  quantities  of  imbibition,  it  is  sometimes  sufficient  to  divide  the  water  between 
the  4th  and  5th  mills,  which  are  the  ones  most  susceptible  to  choking,  to  return  their  combin- 
ed juices  before  the  3rd,  the  juice  of  the  3rd  before  the  2nd,  and  the  juice  of  the  1st  mill 
(primary  juice)  and  of  the  2nd  (secondary  juice)  to  manufacture. 

If,  on  the  other  hand,  it  is  desired  or  is  found  necessary  to  balance  the  quantities  of  imbibi- 
tion between  the  various  mills,  as  in  the  case  of  our  first  example  above,  we  may  comment 
that  it  is  then  necessary  to  send  to  manufacture  the  juice  not  only  of  the  first  2  mills,  but 
of  the  first  3  mills. 

We  add  (Fig.  19.9(b))  the  simple  schemes  proposed  by  B.M.A.  for  tandems  of  4,  5  and 
6  mills,  for  fibre  of  12.5,  imbibition  20-25,  per  100  of  cane. 


RELATIVE  WEIGHTS  OF  BAGASSE  AND  JUICE 


The  relative  weights  of  bagasse  and  juice  from  the  various  mills  in  a  tandem  are  very  readily 
determined.  We  give  as  an  example  a  tandem  of  5  mills  and  consider  the  case  of  compound 
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W;  36 


J3  =  43.5  k:4Q.l        Js=  379 


1  =  55  jj-51 


2 

33  ,F/B 

42-  F 

58  1 

95M 

Fig.  19.9.  (a)  Juices  and  bagasses  in  compound  imbibition  (f  =  0.15;  w  =  0.36).  (b)  Diagram  of  juice  and  fibre 
in  4-,  5-  and  6-mill  tandems  (f  =  0.125;  w  =  0.20-0.25)  (B.M.A.) 
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imbibition,  assuming  that,  as  is  the  general  case,  the  intermediate  juices  are  returned  by 
chokeless  pumps  without  separation  of  fine  bagasse.  The  calculation  may  be  easily  modified 
for  any  other  case. 

Notation.  We  assume  that  unit  weight  of  cane  arrives  at  the  first  mill,  with  fibre  content 
/  =  0.15  and  imbibition  w  =  0.360: 
j    =  weight  of  juice  per  unit  of  cane 
b    =  weight  of  bagasse  per  unit  of  cane 
F  =  fibre  content  of  bagasse 
Q  =  weight  of  mixed  juice  per  unit  of  cane 
1,  2,  3,  .  .  .  n  =  indices  of  successive  mills. 

The  basic  equation  gives: 

1  +  w  =  Q  +  b 

Hence: 

Q=\+w-bn=\  +  0.360  -  0.300  =  1.060     (Fig.  19.9a) 
Bagasses.  We  assume  operation  with  the  following  scale  of  fibre  figures: 


F, 

=  0.33 

bi 

=  0.15/0.33 

=  0.450 

F2 

=  0.40 

b2 

=  0.15/0.40 

=  0.375 

Fj 

=  0.44 

bi 

=  0.15/0.44 

=  0.341 

F4 

=  0.47 

b4 

=  0.15/0.47 

=  0.319 

F5 

=  0.50 

bs 

=  0.15/0.50 

=  0.300 

Juice.  Equating  the  quantities  entering  and  leaving  a  group  of  mills,  we  readily  have: 

j{   =  1  -  b,  =  0.550  h  =  Q  -  j,  =  0.510 

J2  =  bi  +j3  -  b2  ji  =  J2  -  bi  +  b2  =  0.435 

j)  =  b2  +  y 4  -  b)  jt  =y3-  b2  +  bs=  0.401 

j4  =  bi  +  ji  -  bi  ji  =  jA  -  bi  +  b4  =  0.379 
ji  =  b4  +  w  -  bs 

For  intermediate  mills: 

/' .  =  b  ,  +  (w  -  b  ) 
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The  material  balance  is  calculated  starting  with  the  minimal  necessary  data  as  follows,  for 
which  we  apply  by  way  of  example  typical  values: 
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/ 

=  fibre  per  unit  of  cane: 

0.15 

w 

=  imbibition  per  unit  of  cane: 

0.36 

Bt 

=  brix  of  primary  juice: 

20.73 

Pi 

=  purity  of  first-mill  juice: 

89 

e 

=  extraction  obtained: 

96 

=  purity  of  residual  juice  of  final  bagasse: 

50 

With  brix  of  juices  returned: 

B3  =  6.50        B*  =  4        B5  =  3 

and  purities: 

p3  =  80        p4   =  77        p5  =  72 
The  calculation  is  carried  out  in  the  following  order: 

Cane.  Brix  Bo  of  absolute  juice  is  deduced  from  brix  of  primary  juice  assuming: 

Bo  =  0.965  5t  =  0.965  x  20.73  =  20 
Purity  of  absolute  juice  is  similarly: 

po  =  0.95,  or:  0.96  p,  =  0.85 

Hence  sucrose  content: 

So  =  (1  -/)  tfopo  =  0.850  X  0.20  x  0.85  =  0.144 
Juice  of  first  mill.  Soluble  matter: 

Mi  =jlBl    =  0.550  X  20.73  =  0.114 
Hence  sucrose  %  first-mill  juice: 

Si  =  Bhp,  =  20.73  x  0.89  =  18.45 

and  sucrose  in  this  juice: 

5!  =  0.H4  X  0.89  =  0.1015 
Final  bagasse.  We  have  sucrose  in  final  bagasse: 

sn  =  so  (1  -  e)  =  0.144  x  0.04  =  0.0058 
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Hence  soluble  matter  in  the  bagasse: 

M  =  s /p    =  0.0058/0.50  =  0.0116 

Juice  in  bagasse: 

gn  =  (l  -  Fn)  bn  =  0.50  x  0.300  =  0.150 
and  sucrose  %  in  bagasse: 

s/b  =  0.0058/0.300  =  1.93% 

n  n 

Second-milljuice.  Soluble  material: 

Mi  -  Mo  -  M,  -  Mn  =  0.0444 
Hence  brix  of  second-mill  juice: 

Bl  =  0.0444/0.510  =  8.71 

and  sucrose: 

S2  =  0.1445  -  0.1015  -  0.0058  =  0.0372 

Sucrose  %  of  juice: 

52  =  0.0372/0.510  =  7.29 

Purity: 

pi  =  0.0372/0.0444  =  83.8 

Residual  juice  from  first  mill.  Soluble  material: 

M  =  0.1700  -  0.1140  =  0.0560 

Sucrose: 

s  =  0.1445  -  0.1015  =  0.0430 

Juice: 

g  =  bl  -  I  =  0.450  -  0.150  =  0.300 
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Sucrose  %  juice: 

S  =  0.0430/0.300  =  14.33 

Purity: 

p  =  0.0430/0.0560  =  76.8 

Third-mill  juice.  Soluble  material: 

M3  =  0.435  x  0.0650  =  0.0283 

Sucrose: 

Si  =  0.0283  x  0.80  =  0.0226 

Residual  juice  from  first  mill  after  imbibition.  Total  juice: 

g  =  £1  +  j3  =  0.300  +  0.435  =  0.735 

Soluble  material: 

M=  0.0560  +  Mi  =  0.0843 

Sucrose: 

5  =  0.0430  +  0.0226  -  0.0656 

Residual  juice  from  second  mill.  This  is  the  residual  juice  of  the  first  mill  less  what  leaves 
with  the  second-mill  juice: 
Soluble  material: 

M  =  0.0843  -  Mi  =  0.0843  -  0.0444  =  0.0399 

Sucrose: 

5  =  0.0656  -  0.0372  =  0.0284 

Continuing  step  by  step  in  the  same  way:  residual  juice  from  second  mill  after  imbibition, 
residual  juice  from  third  mill  =  residual  juice  from  second  mill  after  imbibition  less  juice 
which  leaves  as  third-mill  juice,  residual  juice  from  fourth  mill,  and  so  on:  we  thus  find  the 
quantities  indicated  in  Fig.  19.10. 


J«  =  0.550 
M4=  0,1140 
B,=  20.73 
A4=  0,1015 
S,=  MAS 
P<<  89 


B3= 


0,435 
6.50 


F4 


M3=  0.0283 


f 


/^s    0.0  226 


J»=  0.510 
M»=  0.044A 
Bi=  8.71 
y4,=  0.0372 
52=  7.29 
P  =  83.8 
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Fig.  19.10.  Weight  of  juices  aod  bagasses  in  the  tandem. 
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GENERAL  CONSIDERATIONS 

Optimum  imbibition 

The  extraction  increases,  rapidly  at  first,  more  slowly  later,  as  imbibition  is  increased.  Steam 
consumption  increases  with  imbibition.  If  the  factory  is  consuming  purchased  fuel,  or  if  it 
is  using  its  bagasse  profitably,  there  will  obviously  be  a  quantity  of  water  which  corresponds 
to  the  maximum  benefit.  This  quantity  depends  on  the  ratio  of  price  of  sugar  to  price  of  fuel, 
and  should  be  calculated  for  each  individual  case. 

The  form  of  the  graphs  in  Figs.  19.6-  19.8  shows  that  generally  the  optimum  imbibition 
will  be  reached  at  values  of  X  of  the  order  of  2. 

The  extraction  in  fact  increases  very  rapidly  as  X  increases  from  zero  to  1 ,  still  fairly  rapidly 
between  1  and  2,  but  more  slowly  above  2.  There  is  rarely  any  advantage  in  exceeding  X  = 
3,  and  it  is  normally  never  advantageous  to  exceed  X  =  4. 

It  is  of  interest,  however,  to  note  that,  in  the  course  of  tests  carried  out  at  the  experimental 
factory  at  Audubon  Park,  in  Louisiana2,  it  was  found  that  extraction  increased  rapidly  with 
imbibition  up  to  the  neighbourhood  of  30%  (X  =  2  —  2.5),  and  attained  a  maximum  for  an 
imbibition  of  60%  (X  =  4-5). 

In  Australia3  it  has  been  found,  for  3  factories  studied,  that  the  optimal  value  was  situated 
at  X  =  2.4.  One  author4  reports,  however,  a  gain  up  to  X  =  3.2.  This  would  suggest  that, 
above  the  economic  optimum,  there  would  exist  also  a  technical  optimum  and  that  one  can- 
not accept  a  graph  of  recovery  by  imbibition  increasing  indefinitely.  In  this  case  a  tentative 
explanation  could  be  found  in  the  fact  that  the  capacity  of  bagasse  for  absorbing  water  is 
limited  to  about  seven  times  the  weight  of  fibre  it  contains  (cf.  p.  309);  there  would  be  no 
advantage  in  going  beyond  that  figure. 

Theoretical  experiments  (simulations)  in  Australia5  show  that  there  would  be  a  maximum 
for  X  =  3  in  a  tandem  of  5  mills,  or  for  a  value  of  2.5  in  a  6-  or  7-mill  tandem,  and  that 
the  effect  of  quantity  of  imbibition  decreases  as  the  number  of  mills  increases. 

More  recent  experiments,  however,  also  in  Australia,  by  Crawford6,  would  tend  to  indicate 
that,  if  the  feeding  of  the  mill  is  not  affected,  there  would  be  no  limit  to  the  gain  in  extraction 
obtained  by  increasing  imbibition;  this  gain  would  become  smaller  and  smaller,  but  never 
zero.  The  difference  should  not  be  difficult  to  determine,  but  its  interest  is  purely  theoretical. 

The  highest  imbibition  quantities  recorded  are  those  practised  in  South  Africa.  The  mean 
figure  for  imbibition  %  fibre  for  1980-81  was  344,  one  factory  reporting  400.  In  that  coun- 
try, there  were  1 1  diffusion  plants  and  1 1  tandems  of  mills.  The  average  extraction  was  96.89, 
with  scarcely  any  difference  between  diffusion  factories  and  factories  with  mills.  However, 
these  were  nearly  all  6-  or  7-mill  trains,  and  the  only  factory  with  imbibition  less  than  200% 
on  fibre  (173)  reported  an  extraction  equal  to  that  of  the  others  with  imbibition  figures  of 
300-401.  We  can  however  conclude  that  South  African  experience  provides  evidence  in 
favour  of  high  quantities  of  imbibition. 

Optimum  distribution  of  water  in  multiple  simple  imbibition 

In' studying  multiple  simple  imbibition,  we  have  assumed  a  priori  that  the  imbibition  water 
was  divided  equally  between  the  various  mills. 
The  question  may  be  asked,  whether  it  would  not  be  better  to  adopt  an  unequal  distribu- 
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tion  among  the  different  positions,  and  to  seek  the  optimal  proportions  corresponding  to  the 
best  extraction,  for  a  given  total  quantity  w  of  imbibition  water. 

For  simplicity,  we  shall  confine  ourselves  to  the  case  of  double  simple  imbibition,  assuming 
we  are  dealing  with  the  last  two  mills  of  any  tandem.  The  results  obtained  will  be  applicable 
to  the  case  of  hybrid  imbibition  (cf.  p.  296). 


(l-x)w 


Jl  J2  j3 

Fig.  19. U.  Optimum  distribution  of  water  between  two  sprays. 

Let  (Fig.  19.11): 

w  =  total  weight  of  imbibition  water  to  be  distributed,  per  unit  cane 

xw  =  proportion  to  be  applied  before  the  last  mill 

(1  -  x)  w  =  proportion  to  be  applied  before  the  penultimate  mill 

/  =  fibre  in  cane 

mi  =  fibre  in  bagasse  from  the  antepenultimate  mill 

mi  =  fibre  in  bagasse  from  the  penultimate  mill 

mi  =  fibre  in  bagasse  from  the  last  mill. 

The  penultimate  mill  will  give  a  quantity  of  juice: 


J2 


f 
mi 


+  (1  -  X)  w 


f 


mi 


and  the  last: 


73  = 


+  xw  - 


mi 


r 
J 

mi 


Let: 


/  / 


mi 


=  a 


m2 


L 
mi 


mi 


-  a' 


and  let  us  designate  by  b  the  quantity  of  juice  remaining  in  the  bagasse  from  the 
antepenultimate  mill,  before  imbibition: 


mi 
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The  quantity  of  juice  remaining  in  the  bagasse  from  the  last  mill  but  one  will  be: 

f  f  f  f 

Ji  =  /=   —  -/+    —  — ■=  b  -  a 

m2  mi  m2  m\ 

For  unit  quantity  of  sugar  remaining  after  the  antepenultimate  mill,  the  following  mill  will 
extract  a  proportion  of  juice  (or,  approximately,  of  sugar): 

ji  _  a  +  (1  -  x)  w 

J2  +  0  -  x)  w     b  +  (1  -  x)  w 

There  remains  then  in  its  bagasse  a  quantity  of  sugar  1  —  r%,  and  the  last  mill  recovers 
from  it  a  proportion: 

j3  a'  +  xw 


J)  +  xw     b  -  a  +  xw 
On  the  total,  then,  we  obtain: 

11  23      b  +  (1  -  x)  w       L    k>  ■+-  (1  -  x)  w  J  b  -  a+  xw 

We  require  to  find  the  maximum  value  of  e  when  x  varies  from  0  to  1.  We  have: 

a  +  (1  -  x)  w       a'  +  xw         [  a  +  (1  -  x)w  IT  a'  +  xw  1 
b  +  (1  -  x)  w     b  -  a  +  xw      l  b  +  (1  -  x)  w  J  \  b  -  a  +  xw  J 

or: 

_  -  w2Xi  +  (a  +  w)  wx  +  (b  -  a)  (a  +  a'  +  w) 
-  w2x2  +  (a  +  w)  wx  +  (b  -  a)  (b  +  w) 

Let  us  set  down  the  derivative  with  respect  to  x  of  the  function  e.  It  has  the  value: 

w  (a  +~w  -  2wx)  (b  -  a)  (b  -  a  -  a') 

e     =  _  . 

we  designate  the  whole  denominator  of  e  by  v. 
For  e  to  have  a  maximum  value,  e'  =  0,  which  can  occur  only  when: 

-.  r>  la 

a  +  w  -  2wx  =  0        x  =  -  +  — 

2  2w 
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and,  substituting  the  value  of  a: 


x  =  -  + 
2 


1 

mi 


m2 


IK 


(19.20) 


Comments.  (7)  Common  values.  In  general,  1/wi  -  l/m2i$  of  the  order  of  0.1  -0.6,  the 
smallest  values  being  obtained  in  the  longest  tandems.  For  typical  values  of  X  (2  -  3),  x  varies 
then  from  0.58  to  0.51.  It  is  thus  necessary  always  to  apply  more  than  half  of  the  water  at 
the  last  mill,  but  only  slightly  more  than  half  and,  if  the  last  mill  is  liable  to  choke  on  account 
of  excess  imbibition,  there  will  be  little  disadvantage  in  returning  to  a  more  nearly  equal 
distribution,  since  the  maximum  of  extraction  is  never  very  marked. 

(2)  Limit  of  double  simple  imbibition.  When  the  imbibition  has  to  be  reduced  to  a  very 
low  quantity,  a  point  is  reached  where: 


X  =  1   

Wi  m2 

Consequently,  x  =  1 ,  and  there  is  no  further  advantage  in  using  double  imbibition:  all  the 
water  must  then  be  applied  at  the  last  mill.  However,  this  limiting  value  being  very  low, 
generally  less  than  0.3,  this  limit  is  not  likely  to  apply  in  normal  practice.  It  will  be  simply 
remembered  that,  as  moreover  is  shown  by  eqn.  (19.20),  the  proportions  to  apply  at  the  last 
mill  should  be  increased  as  the  quantity  of  imbibition  X  is  decreased. 

(3)  Influence  of  the  coefficient  0.  We  have  assumed  that  the  last  mill  but  one  extracted  r2 
and  the  last  n  of  the  sugar  received  by  each.  Actually,  we  know  that  we  shall  recover  at  the 
first  only  (3r2.  There  remains  then  (1  -  0r2),  of  which  the  last  mill  recovers  (3r3  (1  -  (3r2). 

We  should  then  have  had  to  ascertain  the  maximum  value  of  0r2  +  (3ri  (1  —  (ir2),  which 
is  the  same  as  that  of: 

r2  +  r}  (1  -  (3r2)  =  r2  +  r}  -  &r2r} 

It  is  found  that  the  coefficient  (3  influences  r2  and  rs  symmetrically,  and  therefore  should 
not  appreciably  modify  the  above  results. 

At  what  point  to  apply  imbibition 

Certain  technicians  put  much  emphasis  on  applying  the  imbibition  as  far  ahead  of  the  mill 
as  possible.  They  consider  that  the  dilution  is  thus  more  complete,  the  bagasse  having  more 
time  to  absorb  the  water  or  juice  received. 

Actually,  the  bagasse  has  a  very  great  affinity  for  water,  and  dilution  is  very  rapid  and 
almost  instantaneous.  Numerous  experiments  have  given  results  scarcely  convincing,  some- 
times contradictory.  In  Trinidad7  imbibition  applied  just  at  the  entry  of  the  bagasse  to  the 
mill  has  even  shown  a  slight  gain  relative  to  that  applied  at  the  delivery  from  the  preceding 
mill,  although  the  intermediate  carriers  were  8  m  (25  ft.)  in  length. 
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There  is  therefore  no  occasion  to  attach  much  importance,  from  this  point  of  view,  to  the 
position  at  which  the  maceration  distributor  is  located. 

It  seems,  on  the  other  hand,  that  there  is  some  advantage  in  directing  the  jets  of  the  imbibi- 
tion water  spray  in  the  plane  tangential  to  the  delivery  rollers.  Since  part  of  the  bagasse 
adheres  to  the  top  roller,  this  allows  the  water  to  reach  the  middle  of  the  bagasse  layer,  and 
also  to  spray,  during  its  fall,  the  bagasse  dropping  in  a  finely  divided  state  from  the  top-roller 
scraper. 

In  short,  care  should  be  taken  to  distribute  the  imbibition  as  well  as  possible  in  the  bagasse, 
but  the  best  distribution  is  still  that  operating  in  the  nip  of  the  feed  rollers;  immediately 
pressure  is  applied,  the  excess  liquid  is  expressed  and  forms  a  stream  passing  through  the 
bagasse  layer  and  wetting  the  zones  which  previously  had  remained  dry.  Most  new  factories 
now  (1981)  apply  imbibition  at  the  top  of  the  Donnelly  chute. 

Hot  or  cold  imbibition 

Should  the  imbibition  water  be  cold  or  hot?  Experiments  made  on  this  question  similarly 
show  little  agreement.  Of  the  author's  four  factories,  one  has  shown  a  fairly  marked  dif- 
ference in  extraction  in  favour  of  hot  water,  whereas  the  three  others  have  failed  to  show 
any  difference  in  this  direction. 

It  appears  that  temperature  has  little  effect  up  to  the  neighbourhood  of  60-  70°C  (140- 
158°F).  Above  this  point,  the  efficacy  of  imbibition  is  slightly  superior  with  hot  water,  the 
gain  in  extraction  reaching  0.4%  in  the  most  favourable  cases8. 

Supporters  of  hot  imbibition  explain  the  action  of  temperature  by  the  destruction  of  the 
tissues  of  the  cell  walls  by  heat.  The  material  of  the  cell  walls,  which  is  impermeable,  or 
permeable  only  by  osmosis,  would  be  softened,  and  water  thus  would  have  direct  access  to 
the  juice  contained  in  the  cells. 

The  following  points  may  be  noted: 

(1)  A  slight  gain  in  extraction  is  obtained  with  hot  water,  sometimes  rather  difficult  to 
detect,  and  often  negligible. 

(2)  The  mills  do  not  take  the  feed  as  well  with  hot  imbibition  as  with  cold.  When  the  plant 
is  operating  at  high  tonnage  relative  to  the  normal  capacity  of  the  mills,  and  when  heavy  im- 
bibition is  used,  performance  is  limited  sooner  with  hot  water  than  with  cold. 

In  Hawaii,  Haines  and  Hughes9  have  experienced  feeding  difficulties  only  above  92.5 °C 
(180°F).  Between  56  and  80°C  (133  and  175°F)  they  had,  on  the  contrary,  a  slight  gain, 
allowing  an  increase  of  the  quantity  of  imbibition  with  water  temperature.  This  temperature 
of  80°C  would  thus  be  an  optimum.  We  may  comment  that  these  authors  are  among  those 
who  indicate10  a  highly  significant  difference  in  extraction  with  hot  water  77°C  (170°F):  with 
mill  extraction  68,  and  that  with  cold  water  26°C  (79°F):  extraction  62.2. 

(3)  Imbibition  with  hot  water  has  the  great  advantage  of  saving  cold  water  and  of  pro- 
viding an  excellent  use  for  the  hot  condensate  returned  from  the  later  vessels  of  the  multiple 
effects. 

Waxes.  Cane  carries  on  its  rind  a  certain  quantity  of  wax,  most  of  which  is  found  at  the 
"wax  ring",  below  the  node.  Some  varieties  (Co  290,  B37.161,  etc.)  are  particularly  rich  in 
waxes.  Most  of  the  waxes  melt  between  60  and  80°C  (140-  175°F),  and  most  often  between 
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65  and  75°C;  and  it  has  long  been  believed  that  imbibition  with  hot  water  had  the  serious 
disadvantage  of  increasing  the  proportion  of  waxes  passing  into  the  mixed  juice.  However, 
Honig11  reports  that  experiments  have  been  made  on  this  subject  in  Java,  and  that  they  have 
led  to  the  conclusion  that  imbibition  with  water  at  85  -  95 °C  (185  -203 °F)  does  not  extract 
any  more  wax  than  imbibition  with  water  at  28°C  (82°F).  The  proportion  varies  from  30  to 
45%  in  the  two  cases,  but  is  not  appreciably  affected  by  the  temperature  of  the  imbibition 
water. 

On  the  other  hand,  the  tests  have  shown  that  the  intensity  of  disintegration  undergone  by 
the  cane  plays  a  favourable  role,  and  that  the  bagasse  retains  an  appreciably  higher  propor- 
tion of  substances  detrimental  to  filterability  of  juice  and  final  raw  sugar  when  it  is  better 
prepared  and  broken  up,  by  knives,  shredders,  etc. 

We  may  conclude  then  that,  if  it  is  considered  that  there  is  any  advantage  in  using  hot 
water  as  imbibition,  there  is  no  objection,  from  the  point  of  view  of  manufacture,  to  doing 
so. 

A  good  temperature  for  imbibition  with  hot  water  is  80-85°C  (175-  185°F). 
Influence  of  imbibition  on  bagasse  moisture 

In  all  the  preceding  calculations,  it  has  been  assumed  that  the  quantity  of  imbibition  had  no 
effect  on  the  moisture  of  the  bagasse.  This  is  not  strictly  true. 

From  fundamental  considerations,  it  would  appear  that  the  quantity  of  water  introduced 
would  facilitate  rather  than  hinder  the  extraction  of  juice  by  the  following  mill.  Actually,  ex- 
perience shows  that  the  moisture  of  the  final  bagasse  increases  slightly  with  the  quantity  of 
imbibition.  In  Australia8  a  case  has  even  been  found  where  the  moisture  increased  from  47.4 
to  50%  when  X  was  increased  from  2  to  2.85. 

Although  such  a  difference  is  exceptional  and  is  probably  associated  with  an  incomplete 
application  of  pressure  at  the  last  mill,  it  must  be  remembered  that  everything  suggests  that 
the  last  mill  does  not  succeed  in  removing  completely  from  the  bagasse  all  the  excess  of  water 
which  has  been  added  to  it. 

Absorptive  capacity  of  bagasse 

Dry  bagasse  can  absorb  from  5  to  10  times  its  weight  of  water.  The  bagasse  from  the  mills 
contains  about  1-2  parts  of  water  to  one  of  fibre.  Since  the  quantity  added  is  only  of  this 
order,  it  is  very  far  from  being  saturated.  It  is  from  this  fact  that  the  difficulty  arises  of 
distributing  the  water  properly  in  the  bagasse;  the  first  layer  which  receives  the  water  tends 
to  absorb  it.  Hence  the  advantage  of  application  by  jets  rather  than  fine  sprays. 

As  a  matter  of  fact,  the  distribution  of  water  or  of  thin  juices,  always  more  or  less  defec- 
tive, is  fortunately  corrected  to  a  certain  extent  by  the  flow  of  liquid  under  the  pressure  of 
the  rollers  (zone  A  in  Fig.  9.9).  At  this  point  the  very  wet  portions  lose  their  excess  of  liquid, 
to  the  advantage  of  the  drier  portions.  This  favourable  effect,  however,  should  not  be  allow- 
ed in  any  way  to  lead  to  neglect  of  good  distribution  of  the  imbibition,  which  is  still  impor- 
tant. 

Maceration 

In  certain  countries,  especially  in  Australia,  imbibition  was  sometimes  replaced  by  macera- 
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tion.  The  latter  consists  of  steeping  the  bagasse  in  the  liquid  to  be  used  as  imbibition;  the 
distribution  thus  becomes  perfect,  and  the  penetration  more  effective. 

This  system  involves  a  high  consumption  of  water  and  a  high  dilution.  The  bagasse  being 
saturated,  its  feeding  becomes  difficult,  and  it  is  hardly  possible  to  use  maceration  without 
employing  mechanical  feeders,  preferably  pushers  or  the  pressure  feeder  developed  in 
Australia  for  this  specific  purpose  (see  p.  94). 

Maceration  is  effected  in  the  bottom  of  the  intermediate  carrier,  which  is  adapted  to  form 
a  bath  (Fig.  19.12).  Its  efficacy  is  often  increased  by  heating  the  water  or  thin  juice  nearly 
to  boiling  before  transferring  it  to  the  maceration  bath. 


The  gain  in  extraction  obtained  by  maceration  is  scarcely  worth  the  complications  involv- 
ed. In  general  it  is  preferred  to  keep  to  a  high  ordinary  imbibition,  the  results  of  which  are 
hardly  inferior. 

Maceration  bath  carriers  have  practically  disappeared  in  Australia. 
Maximal  imbibition 

In  modern  factories,  it  is  very  rarely  the  evaporation  capacity  that  limits  the  quantity  of  im- 
bibition. Most  often  it  is  choking  at  the  mills  that  determines  the  imbibition,  and  a  practical 
limit  is  generally  reached  much  below  the  optimal  quantity.  This  limit,  however,  can  be 
sometimes  improved: 

(1)  By  utilising  water  at  a  lower  temperature,  or  changing  to  cold  water 

(2)  By  decreasing  the  hydraulic  pressure 

(3)  By  increasing  the  mill  speed 

(4)  By  decreasing  the  crushing  rate. 

Haines  and  Hughes12  in  Hawaii  have  studied  the  influence  of  these  various  factors  and 
established  a  regression  formula  for  the  final  mill  at  Puunene.  Making  use  of  two  of  their 
results,  and  expressing  the  others  as  a  function  of  the  results  found  in  the  same  way  in  his 
own  factories,  the  author  gives: 


\M  =  554-0.9  t  -  5  p  +  20  v  -  30  r 
(XM  =  570  -  0.5  t  -  0.55  p  +  6. 1  v  -  480  T) 


(19.21) 


\M  -  maximal  practicable  imbibition  load,  %  on  fibre 
t    =  temperature  of  imbibition  water,  in  °C  (°F) 
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p    =  specific  hydraulic  pressure  (s.h.p.)  (cf.  eqn.  (10.6))  of  the  mill,  in  t/dm2  (t. /sq.ft.) 

v   =  peripheral  speed  of  the  mill,  in  m/min  (ft./min) 

T   =  specific  fibre  loading,  in  kg/m2/m  (lb. /sq.ft. /ft.)  (cf.  eqn.  (10.19)). 

Example.  Taking  a  final  mill  of  812  X  1,676  mm  (32  x  66  in.),  crushing  130  t.c.h.  at 
12.5%  fibre,  under  an  s.h.p.  of  25  t/dm2(230  t. /sq.ft.),  running  at  12.5  m/min  (41  ft./min), 
using  water  at  60°C  (140°F),  it  should  be  possible  to  use  an  imbibition  load  of: 

\M  =  554  -  (0.9  x  60.0)  -  (5  x  25)  +  (20  x  12.5)  -  (30  X  16.00)  = 
=  554  -  54  -  125  +  250  -  480  =  145 

Its  specific  fibre  loading  is: 

1,000  x  130  x  0.125 

t  =  —  —   -  =  16.00  kg/m3  (1.00  lb. /sq.ft. /ft.) 

60X  12.5  X  0.812  x  1.676  5 


This  refers  of  course  to  imbibition  applied  entirely  at  the  final  mill.  There  is  nothing  to 
prevent  increase  of  the  determined  quantity  X  by  adding  more  water  at  the  penultimate  mill, 
the  maximal  quantity  of  this  being  given  by  the  same  formula. 

Russell13  considers  that  the  maximum  imbibition  admissable  for  any  mill  is  X  =  3.6.  At 
higher  values  it  is  necessary  to  split  the  imbibition:  if,  for  example,  it  is  desired  to  apply  im- 
bibition at  a  value  of  4.8,  3.6  would  be  used  on  the  last  mill,  and  1.2  on  the  preceding  mill. 
Moreover,  not  more  than  two-thirds  of  the  juice  can  be  applied  to  the  one  mill,  the  other 
one-third  going  to  the  preceding  mill. 


METHODS  OF  APPLICATION  OF  IMBIBITION 


It  is  not  possible  to  use  the  same  method  of  application  for  water,  which  is  free  from  foreign 
matter,  and  juice,  which  carries  with  it  a  substantial  proportion  of  fine  bagasse. 

A.  Water 

Water  is  applied  to  the  bagasse,  either  by  means  of  sprays  (Fig.  19.13),  or  by  means  of  per- 
forated pipes  (Fig.  19.14).  We  prefer  the  second  method. 

According  to  the  thickness  of  the  bagasse  layer,  the  water  should  be  under  a  head  of  3  -  5 
m  (10-  16  ft.)  at  the  pipe.  The  diameter  of  the  holes  in  the  pipe  should  be  of  the  order  of 
3  mm  (5  in.),  or,  better,  of  0.004  D,  where  D  is  the  diameter  of  the  mill  rollers;  and  these 
holes  should  be  spaced  at  intervals  of  25-40  mm  (1  -  \  \  in.)  along  the  pipe. 

The  holes  may  be  made  somewhat  larger  at  the  extremities  of  the  pipe,  for  example,  over 
the  first  and  the  last  quarter  of  its  length.  Tests  in  Cuba14  have  in  fact  shown  that  the 
polarisation  of  the  bagasse  was  higher  on  the  ends  than  at  the  centre  of  the  roller.  This  is 
described  by  the  Cubans  as  the  "Betancourt  imbibition  system". 

An  excellent  system  for  distribution  of  imbibition  is  that  indicated  in  Fig.  19.15,  which  can 
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Fig.  19.15.  Imbibition  with  juice  by  trough  with  long  plate. 


be  equally  recommended  for  water  and  for  juice.  It  is  desirable  that  the  inclined  sheet  should 
have  a  length  of  1  m  (3  ft.),  but  for  water  it  could  be  shorter. 

B.  Juice 

Juice  carries  with  it  from  the  mills  large  quantities  of  fine  bagasse,  and  sometimes  quite  large 
pieces.  Hence  it  must  either  be  screened,  or  handled  by  an  unchokable  pump. 

For  such  a  pump  to  function  smoothly  and  not  intermittently,  it  is  essential  that  its  suction 
should  be  taken  from  a  vessel  open  to  the  air  where  the  juice  arrives,  for  example,  by  a  swirl- 
ing motion  (a  cylindrical  tank  with  tangential  feed)  in  such  a  way  that,  when  the  level  falls, 
the  pump  sucks  in  a  certain  proportion  of  air  without  ceasing  to  pump. 

The  juice  is  distributed  on  the  bagasse  by  one  of  the  following  methods: 

(a)  Pipe  and  steel  plate  (Fig.  19. 16).  The  pipe  discharges  against  a  steel  plate  which  flattens 
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the  stream  of  juice  and  spreads  it  fanwise  on  an  inclined  plate,  which  increases  in  width  to 
that  of  the  intermediate  carrier. 

This  method  has  one  disadvantage:  the  distribution  depends  on  the  flow  of  juice.  If  it  is 
correct  for  a  certain  flow,  it  will  be  too  concentrated  in  the  middle  for  a  smaller  flow,  too 
strong  at  the  ends  for  a  greater  flow. 

(b)  Trough  open  on  one  side.  The  juice  discharges  by  a  pipe  at  right-angles  to  one  of  the 
side  plates  of  the  intermediate  carrier  into  a  flat-bottomed  trough  set  on  a  slight  slope,  and 
open  on  one  side  and  narrowing  from  the  inlet  to  the  opposite  end;  this  is  set  almost  horizon- 
tally, but  the  opposite  end  may  be  slightly  raised  or  lowered  to  obtain  distribution  of  the  juice 
across  the  whole  width  of  the  carrier.  This  system  has  the  same  disadvantage  as  the  preceding 
one;  it  does  not  achieve  a  good  distribution  to  the  portion  of  the  carrier  situated  close  to  the 
discharge,  and  the  width  of  the  stream  varies  from  one  moment  to  the  next. 

(c)  Serrated  trough.  The  juice  pipe  may  terminate  in  a  horizontal  trough,  the  two  edges 
of  which  are  serrated  (Fig.  19.17).  Here,  small  pieces  of  bagasse  become  caught  across  the 
notches  and  hinder  proper  distribution. 

(d)  Baffled  trough  and  wide  plate  (Fig.  19.15).  The  best  system  is  that  already  indicated 
for  water.  If  there  is  insufficient  space  to  give  the  plate  a  length  of  1  m  (3  ft.),  it  may  be 
left  at  40  cm  (16  in.)  and  the  curtain  of  juice  arranged  to  fall  on  another  plate  inclined  in 


□ 


Fig.  19.16 


Imbibition  with  juice  by  pipe  and  steel  plate. 


Fig.  19.17.  Serrated  trough. 
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the  opposite  direction,  also  40  cm  in  length;  the  distribution  will  thus  be  improved.  The  juice 
flows  in  a  uniform  and  continuous  curtain. 

(e)  Donnelly  chute.  With  mills  which  are  fed  by  Donnelly  chutes,  the  system  generally 
adopted  is  to  distribute  the  imbibition  fluid  at  the  top  of  the  chute. 
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20.  Extraction 


The  extraction  of  a  train  of  mills  has  a  definite  meaning  which  we  shall  define  below.  The 
purpose  of  the  present  chapter  is  to  study,  in  a  general  manner,  the  efficiency  of  the  milling 
work.  We  shall  return  to  these  calculations  in  Chapters  21  and  39  with  the  general  factory 
control. 


MEASURE  OF  EFFICIENCY  OF  MILLING  WORK 


What  is  a  suitable  standard  to  adopt  as  a  measure  of  the  efficiency  of  a  milling  train? 

(1)  Sucrose  per  cent  bagasse 

The  first  figure  which  one  is  inclined  to  suggest  is  that  of  sucrose  %  bagasse;  but  this  depends 
not  only  on  the  efficiency  of  the  milling  train,  but  also  on  the  moisture  content  of  bagasse 
and,  to  a  slight  extent,  on  the  sugar  content  of  the  cane. 

(2)  Milling  loss 

The  moisture  content  of  bagasse  has  been  taken  into  account  in  Hawaii  by  adopting  the  ex- 
pression "milling  loss",  or  "sucrose/fibre  coefficient": 

  ,  sucrose       pol)  Av  .mx&d  juice  °7o  cane 

Milling  loss  =  fito^te^ir-— "  X   100  (2°-,) 

This  expression  corrects  for  the  effect  of  moisture  in  bagasse;  if,  starting  with  the  same  cane, 
we  compare  two  bagasses  having  the  same  sucrose  per  cent,  a,  and  different  moisture  con- 
tents, this  coefficient  would  be  closely  proportional  to  the  loss  at  the  mills,  j3,  involved  for 
each  of  them,  since  the  weight  b  of  bagasse  as  percentage  of  cane  is  inversely  proportional 
to  the  fibre  /'  per  cent  of  bagasse: 

$x  =  obi  =  a—  @2  =  ab2  =  a  ^ 

fi  fi 

This  expression,  however,  does  not  correct  for  the  effect  of  sucrose  content  of  cane. 

(3)  Extraction 

It  is  more  interesting  to  know  the  proportion  of  sucrose  extracted  by  the  mill.  This  figure 
expresses  essentially  the  commercial  efficiency,  rather  than  the  technical  efficiency,  of  the 
operation: 
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Extraction  = 


sucrose  or  pol  in  mixed  juice  %  cane 


— "   x    100  (20.2) 


sucrose  or  pol  %  cane 


Since  the  sugar  extracted  is  closely  proportional,  other  things  being  equal,  to  the  sugar  con- 
tent of  cane,  this  expression  has  the  advantage  of  eliminating  at  least  theoretically  the  factor 
for  sucrose  in  cane;  but  it  has  the  disadvantage  that  it  depends  on  the  fibre  content  /  of  the 
cane;  the  higher  the  fibre,  the  greater  the  loss  of  the  sugar  in  the  bagasse,  0,  since: 


For  this  reason,  mills  handling  high-fibre  cane  are  at  a  disadvantage.  The  extraction  figure 
thus  does  not  permit  comparison  of  the  work  of  two  different  mills,  nor  even  of  the  same 
mill  with  different  canes. 

On  the  other  hand,  we  see  later  (p.  318)  that  the  sugar  extracted  is  far  from  being  propor- 
tional to  the  sugar  %  cane.  If  a  given  tandem,  maintaining  the  same  efficiency,  treats  suc- 
cessively a  poor  cane  and  a  rich  cane,  the  sucrose  %  bagasse  will  vary  very  little  between  the 
two  cases.  Hence  the  extraction  figure,  without  application  of  a  correction  factor  for  the 
sugar  in  cane,  will  not  serve  to  express  the  efficiency  of  a  milling  plant. 

(4)  Reduced  extraction 

Noel  Deerr  has  sought  to  eliminate  this  predominant  disturbing  factor,  /,  by  proposing  as 
a  figure  for  comparison,  "reduced  extraction". 

This  is  the  extraction  obtained  by  the  tandem,  modified  hypothetically  to  that  which  it 
would  have  been  if  the  fibre  in  cane  had  been  equal  to  a  standard  figure,  chosen  by  conven- 
tion as  0.125. 

The  reduced  extraction  is  designated  by  e    .  Deerr  calculates  it  as  follows.  Let: 
e  =  extraction  obtained  with  cane  of  fibre  f 

E  =  extraction  which  would  have  been  obtained  with  cane  of  fibre  F. 

For  these  corresponding  extraction  figures,  Deerr  gives  the  following  equation,  postulating 
that  both  cases  would  have  furnished  the  same  loss  of  juiceVo  fibre  (cf.  p.  319): 


Sugar  loss  in  bagasse  %  cane  =  sugar  %  bagasse  x  bagasse  %  cane 


O  =  ab  =  a  - 


(1  -  e)  (1  -  f)  _  (I  -  E)  (1  -  F) 


(20.3) 


Hence: 


E  = 


(1 


e) 


f 


F 


f 


F 


or,  for  F  =  0.125: 
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same  t.c.h.),  it  would  obtain  in  the  second  case  a  better  extraction.  This  is  a  consequence 
of  the  fact  that  there  is  a  certain  quantity  of  juice,  hence  of  sugar,  which  is  very  difficult 
to  extract  by  pressure  and  which  remains  in  the  bagasse;  and  that  this  quantity  is  very  nearly 
the  same  in  rich  cane  as  in  poor  cane.  Hence  the  rich  cane  shows  a  better  extraction. 

Ugale3  has  thus  proposed  to  multiply  the  figure  for  reduced  extraction  modified  for  fibre 
content  (Deerr  or  Mittal)  by  the  ratio  7.125/(7  +  P),  where  P  is  the  pol  per  unit  of  cane;  this 
indicates  that  he  adopts  12.5%  as  the  standard  pol  %  cane.  From  the  formula  of  Deerr,  we 
have  for  example: 


E 

12.5,  12 


T        (I  -  eWI  -  /)!  7.125 
25  -  [l  "  -  7/  (Ugale)  (20.8) 


Rein4  in  South  Africa  has  proposed: 


(,\  _  —  ij).'P  \  o.fi 

£(55  ,3=1-  0.1834  -        —'-  >—  (Rein)  (20.9) 


P  being  pol  %  cane,  and  taking  standard  extraction  as  95  for  15.5%  fibre  content  and  13% 
pol  in  cane  (conditions  closer  to  mean  figures  for  South  Africa). 

To  compare  these  two  formulae,  we  use  for  the  Deerr -Ugale  formula,  the  same  basis  as 
adopted  by  Rein  (f  =  0.155,  P  =  0.13)  and  see  what  would  be  the  extraction  of  a  tandem 
giving  for  example  95%  reduced  extraction: 


Ugale  Rein 

1    +    P  I  13  \  0-6 

e  =  95*   e.  -  1  5 

7.13  \PJ 


P  =  10:  94.60  94.15 

P  =   16:  95.40  95.59 


The  Rein  correction  is  much  greater,  and  is  probably  better  founded.  No  country  has 
adopted  it  so  far  but,  in  fairness,  it  should  be  taken  into  account. 

At  Tongaat,  for  a  pol  content  approximating  13%,  fibre  content  15.4%,  imbibition  360% 
on  fibre  and  an  extraction  of  96%,  it  is  reckoned  that  a  change  of  1  point  of  sugar  content 
would  lead  to  a  change  in  the  same  sense  approximating  0.2  point  in  extraction.  This  cor- 
responds fairly  well  with  the  formula  of  Rein. 

The  formula  of  Rein,  applied  to  Mittal's  reduced  extraction  (eqn.  (20.6)),  adopting  12.5 
as  the  standard  sugar  content,  and  expressing  this  as  sucrose,  designated  r,  becomes: 
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(5)  Extraction  ratio 

This  expression,  brought  into  prominence  by  the  Hawaiians,  corresponds  exactly  to  the 
preceding  reasoning: 

100  (100  -  extraction) 

Extraction  ratio  =    —      (20.11) 

fibre  %  cane 

This  is  a  correct  measure,  but  it  takes  into  account  only  the  factor  which  is  the  main  con- 
sideration against  extraction,  namely,  the  fibre  content. 

(6)  Lost  undiluted  juice  per  cent  fibre 

This  figure,  originating  in  Java,  is  one  which  has  been  widely  used,  for  international  com- 
parisons as  well  as  for  comparisons  between  factories: 

T         .  ....  brix  of  bagasse  x  10,000 

Lost  juice  %  fibre  =  —   (20.12) 

brix  of  primary  juice  X  fibre  %  bagasse 

where: 

pol  %  bagasse  x  100  . 

Brix  of  bagasse  =  —   (20.13) 

purity  of  last  expressed  juice 

This  expression  possesses  the  following  disadvantages: 

(a)  Equation  (20.13)  is  inaccurate,  since  the  purity  of  the  last  extracted  juice  (and  afortiori 
that  of  the  final-mill  juice,  which  is  often  utilised  in  its  place)  is  higher  than  that  of  the 
residual  juice  contained  in  the  bagasse. 

(b)  What  is  of  interest  in  the  performance  of  a  mill  is  its  efficiency  in  extracting  sucrose, 
not  in  extracting  brix.  It  would  be  perfectly  satisfactory  if  the  extraction  of  a  milling  plant 
were  good  for  sucrose  but  low  for  the  non-sucrose  making  up  the  brix.  The  correlation  bet- 
ween these  two  quantities  is  not  complete;  it  is  even  less  so  when  comparing  mills  with  diffu- 
sion. 

(c)  The  brix  of  the  primary  juice  depends  on  the  nature  and  settings  of  the  early  mills  of 
the  train  (cf.  p.  345  and  Fig.  21.6). 

(7)  Lost  absolute  juice  per  cent  fibre 

Another  attempt  at  a  more  useful  expression  is  that  of  substituting  for  the  brix  of  primary 
juice  that  of  the  absolute  juice  in  cane.  This  is  certainly  an  improvement,  but  we  may  still 
comment  that: 

(a)  The  first  two  disadvantages  persist. 

(b)  The  absolute  juice  necessitates  a  rather  lengthy  calculation. 
This  latter  expression  may  equally  well  be  written  in  the  form: 

.  .  absolute  juice  in  bagasse  %  cane 

Lost  absolute  juice  %  fibre  =  — -    -     . —   -  x  TOO  (20.14) 

fibre  %  cane 


320 


EXTRACTION 


Ch.  20 


which  demonstrates  better  the  origin  of  this  expression;  but  it  is  never  calculated  in  this  form. 

Comparison  of  the  several  efficiency  figures 

We  consider  that: 

(7)  The  milling  loss  offers  only  a  secondary  interest;  it  serves  only  to  eliminate  the  in- 
fluence of  bagasse  moisture  in  comparing  values  of  sucrose  %  bagasse. 

(2)  The  figure  of  lost  juice  %  fibre  had  been  adopted  in  Java  because  it  did  not  require 
any  weights  of  materials.  Today,  however,  there  is  no  factory  of  any  consequence  which  does 
not  have  material  balances  and  complete  chemical  control,  and  its  retention  is  no  longer 
justified. 

(3)  It  is  essential,  for  commercial  reasons,  to  retain  the  extraction  figure,  but  there  would 
be  no  question  of  using  it  as  a  technical  criterion  of  the  work  of  the  milling  train. 

(4)  Noel  Deerr's  reduced  extraction,  not  content  with  correcting  the  effect  of  fibre  by  plac- 
ing it  in  the  denominator,  further  introduces  the  factor  (1  -  f)  in  the  numerator.  We  shall 
rule  it  out  as  exceeding  the  stated  objective. 

Mittal's  reduced  extraction  may  be  used  for  valuable  comparisons,  but,  with  the  extraction 
coefficient,  involves  unnecessary  repetition. 

(5)  The  lost  absolute  juice  in  bagasse  has  the  same  form  as  the  extraction  figure.  It 
represents: 

Brix  lost  %  brix  in  cane    ..        ,    .    Sugar  lost  %  sugar  in  cane 
 -    —  instead  of       to   —  _~ ?   . 

Fibre  %  cane  Fibre  %  cane 

In  other  words,  it  measures  the  brix  extraction,  whereas  the  extraction  ratio  measures  the 
extraction  of  sugar.  These  two  extractions  are  very  close,  as  are  the  figures  which  determine 
them;  sometimes  one  and  sometimes  the  other  is  higher,  and  the  ratio  of  the  first  to  the  se- 
cond varies  generally  between  0.95  and  1.05  for  modern  mills,  giving  values  lying  between 
38  and  30,  the  two  figures  tending  to  be  equal  at  about  34,  the  extraction  ratio  falling  more 
rapidly  below  that  figure  and  increasing  more  rapidly  above  it.  We  would  have  for  example 
the  following  equivalent  values: 

Extraction  ratio  30       34  38 

Lost  absolute  juice  %  fibre       32       34  36 

The  lost  absolute  juice  %  fibre  would  perhaps  measure  slightly  better  the  mechanical  effi- 
ciency of  the  mills,  which  is  a  matter  of  volume  and  of  juice;  but  we  prefer  the  extraction 
ratio  on  account  of: 

(a)  The  relationship  between  the  two  values,  which  lends  little  value  to  that  argument 

(b)  The  simplicity  of  the  formula  for  extraction  ratio 

(c)  The  greater  importance  of  sugar,  which  is  indeed  our  objective  and  our  only  preoc- 
cupation 

(</)The  possible  influence  of  certain  details  of  the  mills,  such  as  preparation  and  grooving, 
on  the  extraction  of  sugar  compared  with  that  of  brix. 
We  consider  also  that  it  is  necessary  to  consider,  apart  from  the  extraction  figure,  the 
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reduced  extraction  taking  into  account  not  only  the  fibre /,but  also  the  sugar  content  r,  utilis- 
ing Rein's  formula  indicated  above,  which  can  be  reduced  to  the  basic  traditional  values: 

Following  Deerr:  EIU  125  =  1  _^}°6  (20.15) 


l~0  125  (1  -  e)\{   r  \°* 
Following  Mittal:  E         =  1   -   1  I  (20.16) 

l         j  j  \  i^.j  / 


Such  formulae  have  not  been  adopted  in  the  mutual  control  schemes  of  sugar  countries, 
mainly  on  account  of  the  complication  of  the  power  0.6.  This  reason  however  is  not  valid 
now,  since  all  laboratories  are  equipped  with  pocket  calculators  giving  this  calculation  im- 
mediately, several  makes  of  calculator  being  available. 


FACTORS  IN  EFFICIENCY  OF  MILLS 


The  principal  elements  which  influence  the  efficiency  of  milling  work  as  measured  by  extrac- 
tion ratio,  or  reduced  extraction,  are  the  following: 

State  of  preparation  of  the  cane 

Specific  pressure  employed 

Length  of  the  train  (or  number  of  rollers) 

Speed  of  rotation  of  the  rollers 

Specific  fibre  loading 

Imbibition 

to  which  should  be  added  certain  factors  less  easy  to  evaluate,  such  as: 
Correct  setting  of  the  mills 

Technical  worth  of  the  personnel  in  charge  of  the  mills 
Mechanical  condition  of  the  plant. 

TABLE  20.1 

CAIN  IN  EXTRACTION  OBTAINED  BY  VARIOUS  CANE  PREPARATORS 

(a)  Knives  e  =  — -—  % 

N  -  6 

7  1 

(b)  Searby-type  shredder  e  =  —  —  - —  % 

yv  -  8 

2.S 

(c)  Maxwell-type  shredder      e  =   % 

yv  -  8 

N  =  number  of  rollers  in  the  train. 


(1)  Cane  preparation 

We  have  already  given  some  figures  in  Chapters  3  and  6  and  shall  complete  them  here.  For 
the  common  types  of  preparator.  Table  20.1  gives  the  gains  in  extraction  e,  reckoned  in  the 
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same  unit  as  the  extraction  (that  is  to  say,  if  the  extraction  rises  from  90  to  91%,  the  gain 
e  =  1%). 

Moor7  quotes  an  experiment  made  at  Tongaat  where  bagasse  pieces  of  various  siz 
separated  by  sieving  were  analysed  separately:  pieces  larger  than  25  mm,  then  25-12,  12- 
6-3,  and  below  3  mm.  The  mean  pol  %  bagasse  was  1.3;  the  finest  fraction  showed  0.8( 
whereas  the  largest  fraction  showed  3%.  This  shows  in  spectacular  fashion  the  effect 
preparation  on  extraction. 

(2)  Specific  pressure  (cf.  p.  130) 

The  extraction  increases  rapidly  as  the  pressure  increases  from  zero  to  16  \S dm2  (150  \./sq.f 
and  more  slowly  thereafter.  The  values  most  interesting  from  an  economic  point  of  vi< 
range  from  20  to  25  t/dm2  (180-230  t. /sq.ft.). 

(3)  Length  of  the  tandem 

As  we  have  seen  for  capacity  (cf.  Table  12.4),  the  figures  published  annually  for  Java  permit- 
ted comparisons  to  be  made  of  the  extractions  of  the  various  combinations  of  mills  existing 
in  that  country.  On  referring  to  Table  12.4  (p.  193),  we  see  a  regular  variation  of  extraction 
and  lost  juice  per  cent  fibre,  as  a  function  of  the  length  of  the  tandem.  We  give  in  Fig.  20.1 
a  graph  derived  from  these  and  various  other  figures,  which,  however,  does  not  profess  to 
show  more  than  the  general  trend  of  the  relationship. 


5    6   7    8   9   10  11    12   13  14    15  16    17  18   19  20  21   22  23  24  25 

Number  of  rollers 

Fig.  20.1.  Lost  undiluted  juice  %  fibre  as  a  function  of  number  of  roUers  (X  =  2;  (3  =  0.6)- 


It  can  be  seen  that  the  lost  juice  %  fibre  is  represented  approximately  by  the  equation: 


500 

AT 


(20.17) 


j    =  lost  undiluted  juice  %  fibre  for  the  tandem 
N  =  number  of  rollers  in  the  tandem. 

In  the  same  way,  the  extraction  may  be  expressed  approximately  by  the  formula: 
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e  =  100  -  J°  (20.18) 

which  assumes  an  average  fibre  of  approximately  /  =  12.5%. 

It  may  also  be  of  interest  for  a  technologist  dealing  with  a  short  or  medium  tandem  of  mills 
(4  or  5)  to  judge  the  work  of  his  tandem  in  relation  to  the  results  given  by  longer  tandems, 
of  6  or  7  mills,  for  example. 

On  this  question  we  have  suggested  comparing  the  extractions,  the  juice  extractions,  ex- 
traction coefficients  or  simply  the  sucrose  lost  in  bagasse  by  considering  that  the  work  of  the 
tandem  should  vary,  as  a  function  of  the  number  of  mills  and  the  sugar  content  of  cane  (other 
things  being  equal),  as  the  Mh  root  of  the  sugar  content  R  (N  being  the  number  of  mills). 
To  compare,  for  example,  the  sucrose  in  bagasse  a  for  a  tandem  of  5  mills  with  that  which 
should  be  obtained  with  a  7-mill  tandem,  we  would  have: 

N,  

05  V/?J 

(20.19) 

N —  ^ 

if  /?5  =  Ri  =  14,  we  would  have: 

o5      1.695     t  1<c 
-  =  =1.16 
a7  1.458 

that  is,  the  difference  between  2.32  and  2,  for  example. 

It  should  be  pointed  out  that  this  rule,  which  sometimes  applies  in  practice,  has  no  ex- 
perimental basis.  Table  20.2  gives  values  of  the  appropriate  roots  (V/f). 

TABLE  20.2 

ROOTS  OF  R  FOR  EXTRACTION  BY  TANDEMS  OF  VARIOUS  LENGTHS 


R 

Vr 

11 

1.821 

1.615 

1 .491 

1 .409 

1.350 

12 

1.861 

1.644 

1.513 

1.426 

1.364 

13 

1.879 

1.670 

1.533 

1.443 

1.378 

14 

1.934 

1.695 

1.553 

1.458 

1.391 

15 

1.968 

1.719 

1.570 

1.472 

1.403 

16 

:2.000 

1.741 

1 .587 

1.486 

1.414 

(4)  Roller  speed 

The  influence  of  roller  speed  depends  on  whether  the  fibre  loading  or  the  crushing  rate  is 
assumed  constant. 

In  the  former  case,  that  is,  if  the  same  thickness  of  bagasse  blanket  is  maintained,  the  ex- 
traction decreases  as  the  speed  of  rotation  increases;  imperceptibly  at  low  speeds,  more 
definitely,  for  the  usual  roller  diameters,  as  a  speed  of  5  r.p.m.  is  approached,  and  rapidly 
above  about  6  r.p.m. 
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In  the  latter  case,  that  is,  if  the  crushing  rate  is  kept  the  same,  the  extraction  increases  with 
speed  of  rotation,  but  very  slightly,  and  only  provided  the  limits  expressed  by  eqns.  (11.9) 
have  not  been  reached.  Crawford5  considers  that  there  is  a  gain  at  the  feed  roller  which  more 
than  compensates  for  the  slight  loss  at  the  delivery  roller.  However,  in  both  cases,  the  in- 
fluence of  speed  is  slight. 

(5)  Specific  fibre  loading 

The  specific  fibre  loading  T  is  a  measure  of  the  ratio 

_        tonnage  actually  crushed 
theoretical  capacity  of  the  tandem 

as  we  have  seen  on  p.  196.  The  study  of  the  influence  of  specific  fibre  loading  r  on  extraction 
reduces  to  a  study  of  the  influence  of  the  capacity  ratio  B. 

The  extraction,  or,  to  be  more  precise,  the  efficiency  of  the  mill  work,  decreases  as  the 
capacity  ratio  (or,  what  amounts  to  the  same  thing,  the  specific  fibre  loading)  increases. 

In  India  it  is  estimated  that  the  reduced  extraction  of  a  milling  plant  falls  by  0.17  when 
it  is  operated  at  10%  above  normal  rate6.  For  example,  if  a  mill  is  capable  of  crushing  100 
t.c.h.,  and  if  its  reduced  extraction  is  95,  this  should  drop  to  94.83  if  the  rate  is  increased 
to  110  t.c.h. 

This  value  of  0.17  appears  low,  and  would  be  applicable  only  for  crushing  rates  in  the 
neighbourhood  of  the  theoretical  capacity  of  the  plant  or  slightly  below;  but  it  demonstrates 
afresh  the  flexibility  of  a  milling  plant  as  regards  capacity. 

(6)  Imbibition 

This  is  the  most  interesting  factor  to  study  from  the  point  of  view  of  what  use  can  be  made 
of  an  existing  milling  plant.  It  is  also  the  one  which  can  be  most  easily  controlled,  and  which 
can  be  most  readily  varied. 

Dry  crushing  will  generally  give  an  extraction  of  about  86  —  90°7o.  If  we  assume  90%,  which 
is  really  a  maximum,  the  graphs  in  Fig.  19.8  enable  us  to  read  off  directly  the  final  extraction 
corresponding  to  a  given  imbibition.  For  example,  with  double  compound  imbibition: 

for  X  =  1:  e  =  90  +  3.8  =  93.8% 
for  X  =  2:       e  =  90  +  5.2  =  95.2% 

In  fig.  20.2  is  given  a  graph  which,  like  that  of  Fig.  20.1,  should  be  regarded  as  indicative 
only,  and  which  gives  the  general  trend  of  a  series  of  tests  made  in  South  Africa  on  the  varia- 
tion of  extraction  as  a  function  of  imbibition.  It  enables  an  estimate  to  be  made  of  the 
magnitude  of  the  change  in  extraction  to  be  obtained  with  a  given  alteration  in  imbibition. 

At  Tongaat,  in  conditions  already  indicated  (see  p.  318),  it  is  reckoned7  that  a  change  in 
imbibition  %  fibre  of  1  point  (from  360  to  361,  for  example)  involves  a  change  in  extraction 
in  the  same  direction  of  0.01  point  approximately  (96-96.01). 

Similarly,  for  the  commonest  types  of  tandems,  Fig.  20.3  gives  the  change  in  lost  juice  % 
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30  40 
Imbibition  %  cane 


Fig.  20.2.  Variation  of  extraction  as  a  function  of  imbibition  (simple  double  imbibition)  (f  =  0.15). 
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Fig.  20.3.  Variation  of  lost  juice  %  fibre  as  a  function  of  imbibition  %  fibre  (compound  imbibition)  (/?  =  0.6). 
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fibre,  as  a  function  of  imbibition  %  fibre,  X.  These  graphs,  again,  express  average  results 
only,  and  assume  the  efficiency  of  imbibition  0  -  0.6,  with  compound  imbibition;  double 
for  11-,  triple  for  14-  and  quadruple  for  17-roller  tandems. 

To  compare  the  work  of  the  same  tandem  with  two  different  values  of  imbibition  or  of 
different  tandems  working  with  different  imbibition  values,  it  has  been  proposed8  that  the 
influence  of  imbibition  W  may  be  eliminated  by  considering  that  the  extraction  obtained 
should  be  proportional  to: 

no  +  w 

100  -  (20.20) 
10  +  W 

when  W  varies;  where  W  -  imbibition  %  on  cane. 


SANITATION  AT  THE  MILLS 


The  milling  control  (cf.  p.  328)  does  not  detect  physical  or  chemical  losses  suffered  during 
the  passage  of  the  cane  through  the  milling  train.  The  sugar  content  of  the  cane  is  indeed 
assumed  equal  to  the  sum  of  sugar  contained  in  the  mixed  juice  %  on  cane  and  of  that  lost 
in  the  bagasse  %  on  cane.  In  this  way,  all  spillage  from  the  mill  trays  to  the  floor,  and  all 
destruction  of  sucrose  taking  place  during  the  movement  of  the  cane  from  the  carrier  till  it 
leaves  the  last  mill,  remain  unknown.  In  these  conditions  it  is  all  the  more  important  to  take 
all  possible  precautions  to  avoid  losses  which  would  not  even  be  detected. 

Destruction  of  sucrose  is  due  to  three  causes9:  acid  inversion,  enzymatic  inversion,  and 
microbial  infection.  These  causes  have  been  estimated  as  causing  respectively  16,  22  and  62% 
of  the  total  losses  due  to  infection.  When  sanitation  at  the  mills  is  inadequate,  the  total  of 
these  losses  of  sucrose  can  attain  2.5  kg  (5.5  lb.)  per  t.c.  In  a  factory  kept  clean  and  well 
disinfected,  the  losses  from  microbial  origin  can  be  appreciably  reduced,  without,  however, 
eliminating  them  completely.  It  is  accepted  that  an  improvement  of  0.9  kg  (2  lb.)  of  sucrose 
per  t.c.  can  be  realised. 

Several  factors  reveal  inadequacy  of  sanitation:  acid  odours  around  the  mills,  presence  of 
slime  or  of  colonies  of  Leuconostoc  ("frog  spawn").  Laboratory  control  may  show  an  ab- 
normal purity  drop  between  first  expressed  juice  and  mixed  juice. 

Apart  from  the  sucrose  losses  involved,  certain  strains  of  bacteria  produce  gums  (dextran, 
etc.)  which  affect  performance  at  the  pans  and  lead  to  the  production  of  elongated  crystals. 

In  order  to  maintain  good  sanitation,  it  is  necessary  to  practise  effective  cleaning  of  equip- 
ment as  well  as  utilisation  of  a  suitable  disinfectant  in  appropriate  quantities. 

The  principal  requirements  of  a  bactericide  are: 

(a)  Effective  disinfectant  power  at  the  pH  of  cane  juice  (5.5) 

(b)  Inactivity  towards  inorganic  matter 

(c)  Degradability  in  the  course  of  manufacture;  absence  of  traces  of  the  disinfectant  in  the 
molasses,  if  intended  for  fermentation  or  for  animal  feed 

(cf)  Stability  during  storage;  the  efficacy  of  certain  products  decreases  rapidly  when  stored 
at  ambient  temperature  in  tropical  countries. 
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The  manufacturers  (Sicca,  Olin,  HODAG,  ROHM  and  HAAS,  TATE  and  Lyle)  offer  various 
products,  varying  widely  in  composition,  efficacy  and  cost:  halogen  derivatives,  organic 
sulphur  compounds,  formaldehyde,  quaternary  ammonium  salts.  The  latter  appear  very  ef- 
fective, but  their  use  in  food  manufacturing  processes  is  forbidden  in  certain  countries.  It 
has  been  shown,  however,  in  South  Africa10  that  only  traces  remain  after  the  evaporation 
process.  The  organic  sulphur  compounds  would  be  at  least  equally  effective,  but  their  cost 
is  much  higher.  Formaldehyde  used  at  the  mills  has  the  disadvantage  of  releasing  irritating 
vapours.  Halogen  derivatives  (hypochlorites  essentially)  present  the  serious  disadvantage  of 
reacting  with  organic  material,  which  decreases  their  efficacy.  Moreover,  they  are  corrosive. 

The  ideal  disinfectant  does  not  exist  as  yet.  It  is  up  to  each  factory  to  check  the  materials 
employed  in  terms  of  purity  drop,  increase  in  activity,  and  glucose  ratio  between  first  express- 
ed juice  and  mixed  juice.  The  dosage  will  be  adapted  to  requirements,  which  vary  with  the 
state  of  the  cane  and  the  ambient  temperature.  The  material  will  preferably  be  added  con- 
tinuously if  it  possesses  no  special  properties  which  lead  it  to  remain  in  the  milling  plant.  Care 
will  be  taken  that  the  whole  tandem  is  disinfected,  and  this  is  realised  in  practice  by 
distributing  the  material  equally  on  the  fibrated  cane  and  in  the  tray  of  the  last  mill.  At  least 
once  per  shift  a  complete  cleaning  of  the  tandem  should  be  carried  out  with  hot  water  (con- 
densate), the  sterilising  and  cleaning  properties  of  which  are  definitely  superior  to  those  of 
steam. 
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21.  Milling  Control 


In  this  chapter  we  discuss  only  matters  peculiar  to  the  control  of  the  milling  plant.  Further 
reference  to  this  control  will  be  made  in  Chapter  39  in  its  relationship  to  the  general  control 
of  the  factory. 


EXTRACTION  BY  DRY  CRUSHING 

In  order  to  discuss  fully  the  question  of  efficiency  it  will  be  necessary,  as  we  have  done  at 
the  beginning  of  the  study  on  imbibition  (p.  280),  to  distinguish  between  dry  crushing  and 
wet  crushing. 
In  practice,  dry  crushing  corresponds  only  to: 

(a)  For  tandems  with  a  2-roll  crusher,  the  crusher  and  1st  mill 

(b)  For  tandems  without  a  2-roll  crusher,  the  1st  mill  (sometimes  described  as  a  mill- 
crusher). 

If  a  large  number  of  mills  were  available,  the  efficiency  of  this  first  unit  or  of  this  first 
combination  would  not  have  great  importance.  The  dry  crushing  could  then  be  pushed  to  its 
limit  (cf.  p.  281),  which  moreover  is  rapidly  attained.  It  would  not,  however,  be  desirable 
to  lose  even  one  mill  to  dry-crushing  purposes  in  this  way,  since  nothing  would  be  gained, 
and  one  must  be  content  with  the  combination  or  the  unit  mentioned  above,  for  dry  crushing 
(we  shall  call  this  the  1st  mill,  on  the  understanding  that  the  term  includes  the  crusher  where 
there  is  one).  Now,  the  dry-crushing  extraction  has  a  very  marked  influence  on  the  overall 
extraction  of  the  tandem,  as  eqns.  (19.11)  and  (19.15)  demonstrate.  In  practice,  it  varies  bet- 
ween wide  limits  from  one  tandem  to  another.  The  greater  the  extraction  of  sugar  by  dry 
crushing,  at  the  head  of  the  tandem,  the  less  difficult  is  the  task  left  to  the  following  mills 
to  recover  more  sugar  by  the  troublesome  step  of  wet  extraction,  and  the  better  is  the  overall 
extraction  of  the  tandem.  It  is  thus  important  to  attain  the  maximum  extraction  possible  by 
the  dry  crushing.  It  is  considered  in  Queensland,  for  example,  that  a  gain  of  1  %  in  the  extrac- 
tion of  the  1st  mill  gives  a  gain  in  total  extraction  of: 

0.12%  in  4-mill  tandems 
0.10%  in  5-milI  tandems 

Since  the  lst-mill  extraction  may  vary  between  60  and  80%,  we  see  the  huge  influence  of 
this  extraction  on  the  final  result,  for  the  same  work  of  the  subsequent  wet  crushing. 

It  is  desirable,  therefore,  to  follow  carefully  the  lst-mill  extraction,  and  to  report  the  figure 
in  the  weekly  chemical  control  bulletins.  A  tandem  of  3-roIler  units  should  attain  a  minimum 
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of  60%  extraction  at  the  1st  mill;  it  may  readily  reach  70%,  and  can  go  as  high  as  75 
according  to  the  fibre  content  of  cane,  if  the  preparation  is  good  (knives  and  shredder),  and 
if  all  necessary  attention  is  given  to  feeding  and  setting  of  the  1st  mill.  With  a  crusher,  these 
values  may  even  be  exceeded  (cf.  Table  21.2,  p.  332).  For  a  3-roller  1st  mill  without  crusher, 
Australian  workers  report1  extractions  of  81  -82%  and  1st  bagasse  moistures  of  53  or  even 
50%  for  a  combination  of  crusher  and  1st  mill2.  Hawaiian  factories3  for  this  combination 
normally  reckon  77-80%  of  absolute  juice  (not  of  sugar),  and  in  excellent  conditions 
80-83%. 

Extraction  of  primary  juice 

In  order  to  know  the  extraction  of  juice  by  dry  crushing,  it  is  not  necessary  to  weigh  it 
separately.  A  ready  calculation  may  be  made,  in  the  general  case  where  the  primary  juice  is 
sampled  and  analysed  separately  and  where  all  the  rest  of  the  juice  is  obtained  at  the  second 
level  (general  case  of  compound  imbibition)  forming  the  secondary  juice. 
Let: 

51  =  sugar  %  primary  juice 

52  =  sugar  %  secondary  juice 
S   =  sugar  %  mixed  juice 

e\  =  primary  juice  extraction  =  sugar  in  primary  juice  %  sugar  in  cane 

e    =  total  extraction  of  the  tandem 

Qi  =  primary  juice  per  unit  of  mixed  juice 

x    =  sugar  in  primary  juice  per  unit  of  sugar  in  mixed  juice. 

Equating  sugar  in  mixed  juice  to  the  total  of  that  in  the  primary  and  secondary  juice,  we 
have: 

!  x  Sm  =  QlSl  +  (1   .  Q,)S2  (21.1) 

Now: 

Sl 61  sm 

x  =  7,  hence   Qi  =  x  cm 

S    x  f  *  Si 

m 

Substituting  in  (21.1)  and  solving  for  x: 

Si  (Sm  -  S2) 

x  =  m   (21.2) 

Sm  (Si  -  S2) 

But  the  sugar  in  mixed  juice  =  e°7o  of  sugar  in  cane.  Thus  the  extraction  of  sugar  in  primary 
juice  %  sugar  in  cane  is  given  by: 

s,  (sm  -  S2) 

ei  =  xe  =  — —  e  (21.3) 

Sm  (5,  -  S2) 
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This  calculation,  however,  may  only  be  used  when  it  is  definite  that  there  is  no  mixture 
of  3rd-mill  juice  with  that  of  the  2nd  mill  after  the  sampling  point  (generally  at  the  juice 
screens).  Otherwise  the  result  is  obviously  false. 

The  sampling  should  thus  be  carried  out  at  the  second  mill.  It  is  preferable  to  operate  as 
follows.  Let: 

/    =  fibre  per  unit  of  cane 

50  =  pol  or  sucrose  per  unit  cane 

fx  =  fibre  per  unit  of  first-mill  bagasse 

51  =  pol  or  sucrose  per  unit  of  first-mill  bagasse 
Bi  =  weight  of  first-mill  bagasse  per  unit  of  cane. 

We  have: 

f 

Pol  or  sucrose  in  first-mill  bagasse  per  unit  of  cane  =  S\BX  =  Si  — 

J  i 

1  x  So     S,  y  c  , 

~      /i  ii  / 

Extraction  of  first  mill  =  e\  =  =  1   (21.4) 

1  x  So  S0/i 

This  calculation  assumes  that  the  fibre  is  the  same  before  and  after  the  mill  (actually,  a 
small  amount  is  lost  from  the  mill  with  the  fine  bagasse). 

We  recommend  this  second  method  as  simpler  and  more  accurate.  It  applies  not  only  to 
the  first  mill,  but  for  all  mills.  For  mill  n,  the  extraction  is: 

S     /.  , 

<?„=!-—•—  (21.5) 


Order  of  magnitude  of  first-mill  extraction.  The  first-mill  extraction  depends  on  fibre  in 
cane,  and  the  magnitude  of  this  extraction  could  be  expressed  by: 

_0M_ 
0.34  -  / 

This  formula  is  empirical,  without  mathematical  basis.  The  fibre  in  the  first-mill  bagasse 
depends  on  fibre  in  cane  and  on  first-mill  extraction.  It  increases  as  extraction  increases,  and 
roughly  e\  is  of  the  order  of  2/t. 


Extraction  at  successive  mills.  Table  21.1  gives  two  examples  from  South  Africa,  for  the 
Illovo  and  Noodsberg  factories,  with  fibre  of  14.6  and  LP.  of  89  in  both  cases. 
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TABLE  21.1 

EXTRACTION  (UNIT  AND  CUMULATIVE)  IN  SUCCESSIVE  MILLS 


Illovo  Noodsberg 


Unit 

Cumulative 

Unit 

Cumulative 

1st 

mill 

72.5 

72.5 

72.1 

72.1 

2nd 

mill 

25.5 

79.5 

42.1 

83.8 

3rd 

mill 

42.0 

88.1 

43.1 

90.8 

4th 

mill 

28.5 

91.5 

33.5 

93.9 

5th 

mill 

21.7 

93.3 

36.0 

96.1 

6th 

mill 

37.3 

95.8 

34.7 

97.4 

BRIX  GRAPHS 

One  of  the  best  methods  of  controlling  the  milling  plant  is  to  construct  a  graph  of  the  brix 
of  the  juices  from  the  successive  mills. 

We  have  seen  (eqn.  (19.19))  how  the  brix  decreases  from  one  mill  to  the  other  in  the  case 
of  compound  imbibition,  which  is  most  generally  adopted. 

The  degree  to  which  the  values  obtained  in  the  mills  approach  the  theoretical  curve  in- 
dicates how  well  each  mill  is  doing  its  work.  We  give  (Fig.  21.1)  two  graphs  by  way  of  exam- 
ple: 


O        D        1         2        3        4        5        6  0         D        1         2        3        4  ^ 

No.  of  mill  No.  of  mill 

Fig.  21.1.  Brix  graph:  (a)  Ewa;  (b)  Caymanas. 
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(a)  The  mean  of  brix  values  obtained  in  the  20-roller  tandem  at  Ewa,  in  Hawaii,  during 
the  6  seasons  1928  -  334 

(b)  A  summary5  of  the  brix  figures  for  the  15-roller  tandem  at  Caymanas,  in  Jamaica,  to 
which  we  have  already  made  reference  (cf.  p.  57). 

Whereas  this  latter  curve  is  excellent,  there  will  be  noticed  on  the  previous  one  an  anomaly 
corresponding  to  the  5th  mill  and  showing  that  the  4th  is  not  extracting  as  much  juice  as  it 
should. 

It  may  be  noted  in  passing  that  the  brix  values  reported  and  the  corresponding  extraction 
for  each  of  the  mills  at  Ewa  were  as  given  in  Table  21.2: 


TABLE  21.2 


EWA:  BRIX  AND  EXTRACTION  AT  DIFFERENT  MILLS 


Brix  Extraction 


Crusher  18.53  69.92 

1st  mill  17.41  12.58 

2nd  mill  9.40  7.11 

3rd  mill  6.45  3.75 

4th  mill  4.16  1.50 

5th  mill  3.18  2.08 

6th  mill  1.96  1.22 


Total  98.16 


It  may  be  noted  also  that  the  15-roller  tandem  at  Caymanas  has  the  advantage  of  being 
able  to  use  imbibition  immediately  after  the  crusher,  whereas  Ewa  cannot  commence  imbibi- 
tion until  after  the  first  mill,  and  thus  loses  one  pressure  from  the  point  of  view  of  imbibition. 
In  addition  to  the  reasons  given  previously  (cf.  p.  58),  this  is  a  further  powerful  argument 
in  favour  of  the  mill-crusher. 

To  establish  these  brix  curves,  the  brix  of  back-roller  juice  is  generally  taken.  In  dry- 
crushing  mills,  the  brix  of  the  feed-roller  juice  is  the  higher.  In  wet-crushing  mills,  on  the 
contrary,  it  is  the  back-roller  juice  which  has  the  higher  brix. 


Cane 


Water 


Bagasse 


Juice 

Fig.  21.2.  Basic  equation  for  mills. 
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BASIC  EQUATION  FOR  MILL  CONTROL 

The  mill  control  is  based  on  an  equation  expressing  the  fact  that  the  weight  of  material  enter- 
ing the  milling  plant  is  equal  to  the  weight  leaving  (Fig.  21.2): 

Cane  +  imbibition  water  =  mixed  juice  +  bagasse  (21.7) 

or,  relating  all  quantities  to  100  of  cane: 

100  +  W  =  Q  +  B  (21.8) 

W  =  imbibition  water  %  cane 

Q  =  weight  of  mixed  juice  %  cane 

B  =  weight  of  bagasse  %  cane. 

This  equation,  which  is  obvious  in  theory,  does  not  work  out  strictly  correct  in  practice. 

Actually: 

(a)  The  cane  is  weighed  some  time  before  it  enters  the  mills.  In  this  interval,  in  particular 
if  it  remains  too  long  in  the  sun  at  the  unloading  station,  it  loses  weight,  especially  at  the 
cut  ends.  This  loss  is  multiplied  with  cane  mechanically  harvested  and  cut  into  short  pieces. 

(b)  During  the  crushing  itself,  the  surface  on  which  the  juice  is  exposed  to  evaporation  is 
multiplied  many  times:  on  the  bottom  and  sides  of  the  feed  hoppers  and  juice  trays,  on  the 
periphery  of  the  rollers,  on  the  surface  (very  considerable)  of  the  layer  of  bagasse  on  the  in- 
termediate carriers,  and  finally  in  the  streams  and  trickles  of  juice  falling  from  the  imbibition 
distributors  and  the  lower  rollers. 

Further,  if  the  imbibition  is  hot,  evaporation  takes  place  at  the  spray  pipes  or  the 
distributing  plates,  which,  in  this  case,  are  always  covered  in  a  cloud  of  steam. 

The  time  taken  for  the  cane  to  traverse  the  mills  is  obviously  much  shorter  than  its  stay 
on  the  unloading  station,  but  the  enormous  multiplication  of  the  exposed  surface  does  much 
more  than  compensate  for  this  difference,  and  effect  (b)  is  much  greater  than  effect  (a). 
Assuming  a  mean  period  of  4-8  hours  at  the  unloading  platform,  and  a  normal  time  of 
passage  through  the  mills,  between  crusher  and  pump,  we  may  estimate  roughly: 

(i)  Loss  of  weight  of  cane  at  the  platform  at  less  than  1  % 

(ii)  Loss  of  weight  of  juice  at  the  mills  at  2-3%. 

The  former  Joss  is  very  variable,  and  depends  on  the  period  involved,  on  weather  condi- 
tions (day  or  night,  sunshine  or  rain),  on  exposure  of  the  cane  pile  (in  the  sun  or  in  the  shade 
of  the  factory),  the  length  of  the  pieces  of  cane  (canes  cut  by  mechanical  harvesters  are  in 
short  pieces,  0.3  -  0.6  m  (1  -  2  ft.)  in  length,  which  multiplies  by  3,  4  or  5  the  number  of  ex- 
posed ends),  etc. 

In  South  Africa6  a  loss  of  1.25%  in  weight  of  cane  on  the  platform  has  been  found  for 
the  first  24  hours. 

Loss  of  water  by  evaporation  of  imbibition  is  fairly  low  with  cold  water,  but  greater  with 
hot;  and  in  the  latter  case  there  is  a  corresponding  further  loss  from  the  juices  which  have 
been  heated  by  mixing  with  the  recirculated  imbibition  water. 

The  loss  of  weight  of  juice  is  relatively  constant. 
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In  experiments,  particularly  those  made  at  the  College  of  Agriculture  in  Trinidad7,  a  figure 
of  at  least  3  ~4°7o  on  weight  of  cane  has  been  found  for  the  2nd  term  of  eqn.  (21.8).  In  ex- 
periments on  the  industrial  scale  in  Queensland8,  a  loss  of  2.06%  (say  2%)  on  weight  of  cane 
has  been  found  for  cold  imbibition.  This  would  correspond  to  a  difference  of  nearly  10% 
on  the  weight  of  bagasse. 

Now  the  basic  equation  serves  predominantly  for  determining  the  weight  of  bagasse,  the 
other  three  materials  being  generally  weighed. 

The  bagasse,  for  its  part,  also  loses  before  analysis  a  small  fraction  of  its  weight,  generally 
negligible  if  the  necessary  precautions  are  taken. 

We  have  then: 

Cane  +  water  >  juice  +  bagasse  (21.9) 

We  shall  now  analyse  this  statement  of  inequality.  We  shall  consider  for  example  the  total 
figures  for  a  week,  as  follows: 
C  =  weight  of  cane  given  by  the  weighbridge 
/  =  weight  of  mixed  juice  given  by  the  juice  scales 
E  =  weight  of  imbibition  water  given  by  the  water  scales 
c   =  weight  of  cane  lost  in  the  yard  by  evaporation  and  loss  of  small  pieces 
j    —  weight  of  juice  evaporated  at  the  mills 
K  =  required  weight  of  bagasse  actually  leaving  the  mills. 

Assuming  the  scales  correct,  the  equation  becomes 

C-c  +  E  =  J  +  j  +  K  (21.10) 

Hence: 

K=C  +  E-  J-(c+j)  (21.11) 

Expressing  all  the  figures  per  100  of  cane  weighed: 

100  A-      ,nn       100J?      100  J      100  (c  +  j) 
~C~  =  100  +  ~C~  '  ~C~  ~  C 

Returning  to  the  notation  of  eqn.  (21.8): 

100  K         ...      100  E         _       100  / 
W  (j 


c  c  c 

we  have: 

B  =   100  +   W  -  Q  -  (7  +  f )  (21.12) 


where  WandQ  are  the  weights  obtained  at  the  scales  relative  to  the  weight  of  cane  obtained 
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at  the  weighbridge 

7  =  weight  of  cane  lost  in  the  yard  %  on  weight  of  cane  received 
$  =  weight  of  juice  evaporated  at  the  mills  %  on  cane  received. 


If  we  assume: 


7  at  0.5-1% 

f  at  0.5-1%  (cold  imbibition)  ) 
1  -^'(hot'irfrbibVion)  f 


on  weight  of  cane, 


the  magnitude  of  the  error  (7  +  f)  would  be  of  the  order  of  2%;  but  B  varies  usually  between 
25  and  30.  An  error  of  1  -  3%  in  eqn.  (21.12)  could  thus  lead  to  an  error  of  3  -  10%  on  the 
weight  of  bagasse.  However,  the  general  practice  is  not  to  make  any  correction  to  take  into 
account  these  losses,  and  the  weight  of  bagasse  obtained  is  thus  in  error,  being  too  high. 

This  error  reflects  on  the  fibre  figure  (if  obtained  by  calculation)  and  has  a  slight  effect 
on  the  sugar  content  of  cane,  which  is  generally  obtained  by  adding  sugar  in  mixed  juice 
(assumed  accurate)  and  sugar  in  bagasse  (which  is  in  error);  it  also  affects  the  extraction  and 
other  figures  for  the  efficiency  of  the  milling  train. 

This  discussion  demonstrates  the  importance  of  weighing  the  bagasse.  The  author  did  this 
in  one  of  his  factories,  and  has  found  only  a  very  slight  difference  relative  to  the  classical 
method  of  calculation.  Bagasse  may  be  weighed  by  continuous  integrating  scales  on  the 
bagasse  conveyor  (Weiller  or  Syneyrco),  or  batch  scales  such  as  the  Servo-Balans  in  Holland. 
The  results  obtained  would  be  in  agreement  with  the  estimation  made  in  Queensland9,  accor- 
ding to  which  the  evaporation  at  the  mills  would  represent  only  0.15%  in  the  case  of  cold 
imbibition  or  0.50%  with  hot  imbibition.  The  former  figure  is  substantially  lower  than  that 
reported  some  years  later  of  2%  (cf.  p.  333).  In  South  Africa,  however10,  an  error  of  7.3% 
has  been  found  between  calculated  and  actual  weights  of  bagasse. 

As  a  first  approximation,  we  may  take 


where  quantities  are  expressed  per  unit  (not  %)  of  cane,  and  fibre  in  bagasse  is  assumed  as 


The  brix  of  absolute  juice  is  an  important  factor,  but  rather  difficult  to  determine.  The 
simplest  calculation  which  gives  it  directly  is  the  following. 
Equating  the  quantity  of  material  in  solution  entering  the  mills  to  that  leaving,  we  have: 


Q  =  1  +  W  -  2f 


0.5. 
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BA(\  -f)=  QBm  +  Bb 


J 


(21.13) 


BA  =  brix  of  absolute  juice 
/     =  fibre  per  unit  of  cane 
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/'    =  fibre  per  unit  of  bagasse 
Q    =  mixed  juice  %  cane 
Bm  =  brix  of  mixed  juice 
Bb  -  soluble  matter  %  of  bagasse. 
Hence  we  obtain: 


f 

QB    +  B.  — 
ba  =  r — (21-14) 


Example.  Let  g    =  1.0246    /      =  0.1346 
B     =16.96    /'     =  0.48 


m 


Hence  we  have: 


Bb    =2.82    ///'  =  0.2804 


=  n  MAf>  x  16.96)  +  (2.82  x  0.2804)  =  2Q  99 
/l  '  0.8654 


FIBRE 


If  mixed  juice  and  imbibition  water  are  weighed,  the  corresponding  figure  for  average  fibre 
in  cane  may  be  obtained.  The  quantity  of  fibre  is  substantially  constant  as  it  passes  through 
the  mills,  and  we  have: 

1  oo  x /  =  ex/' 

/    =  fibre  cane 
/'  =  fibre  in  bagasse 
B  =  weight  of  bagasse  %  on  cane. 
Hence,  substituting  B  from  the  basic  equation  (21.8): 

/  =  /'.l0°jLiLrJ2  (21.15) 
100 

The  study  on  p.  333  has  shown  that,  if  the  bagasse  is  not  weighed,  the  fraction  appearing 
in  the  second  term,  which  must  necessarily  be  taken  into  account,  will  be  too  high,  perhaps 
by  a  small  amount,  perhaps  by  up  to  10%.  While  it  is  the  figure  officially  adopted,  it  is 
desirable  to  know  its  limitations. 
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VARIOUS  RELATIONSHIPS  IN  MILLING 

Relative  proportions  of  juice  from  feed  and  delivery  rollers 

For  a  mill  operating  well,  it'  is  necessary  that  the  extraction  at  the  feed  roller  should  be  at 
a  maximum. 

Now,  the  feed  roller  extracts  first  the  superficial  imbibition  water  which  remains  on  the 
upper  or  exterior  portions  of  the  particles  of  bagasse.  Consequently,  the  juice  obtained  is  of 
lower  brix  than  that  extracted  by  the  delivery  roller,  which  extracts  part  of  the  juice  enclosed 
in  the  inner  cells. 

The  proportion  of  juice  extracted  by  the  feed  roller  is  easily  calculated.  Let: 
E   =  brix  of  feed-roller  juice 
5    =  brix  of  delivery-roller  juice 
M  =  brix  of  mill  juice 

x    =  proportion  of  juice  obtained  by  the  front  roller. 
We  have: 

xE  +  (1  -  x)  S  =  1  x  M 

whence: 


x 


(21.16) 


In  Hawaii,  it  is  considered  that  the  work  of  a  last  mill  is  satisfactory  if  x  is  of  the  order 
of  70-80%. 

As  a  general  rule:  the  feed  roller  of  the  later  mills,  with  wet  crushing,  should  furnish  about 
I  of  the  juice,  and  the  delivery  roller  therefore  only  \.  However,  the  proportion  furnished 
by  the  feed  roller  may  be  proportionally  greater  as  the  imbibition  received  by  the  bagasse  is 
increased. 

Relation  between  pol  contents  of  juice  and  bagasse  from  a  mill 

The  pol  of  the  bagasse  leaving  a  mill  should  always  be  lower  than  that  of  the  back-roller  juice 
from  that  mill. 

This  difference,  while  marked  at  the  earlier  mills,  decreases  greatly  at  the  later  mills;  but, 
if  these  mills  are  properly  set,  the  pol  of  the  back-roller  juice  of  the  last  mill  (last  expressed 
juice)  should  remain  appreciably  higher  than  that  of  the  bagasse. 

If  the  opposite  is  found,  it  indicates  that  the  mixing  of  imbibition  water  with  the  bagasse 
leaves  much  to  be  desired. 

The  fibre  in  bagasse  is  approximately  50%;  hence,  if  the  juice  which  it  retained  had  the 
same  composition  as  the  juice  extracted,  we  should  have,  since  all  the  sugar  retained  by  the 
bagasse  is  present  in  the  juice  which  it  contains: 


100  a  =  505,    or:    a  =  - 

2 


(21.17) 
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a   =  pol  %  in  bagasse 

s    =  pol  %  juice  extracted  by  the  last  roller. 

Such  a  result  is  never  obtained.  Generally  a  is  of  the  order  of  0.7  s;  but  there  is  no  need 
to  tolerate  performance  where  it  is  equal  to  s  or  greater. 

Sequence  of  purities  of  successive  juices 

The  first  pressure  gives  the  highest-purity  juice.  As  we  follow  through  the  successive 
pressures,  the  juice  extracted  from  the  inner  cells  is  of  lower  and  lower  purity. 

Since  the  juice  of  lowest  purity  is  the  most  difficult  to  extract,  it  follows  that  the  drop  in 
purity  from  crusher  to  last  expressed  juice  measures  in  a  way  the  degree  of  pressure  of  the 
mills. 

It  increases  with  the  extraction  and  gives  an  indication  of  the  extent  to  which  milling  work 
has  been  pushed.  This  drop  is  of  the  order  of  10-  18  points. 

Correlation  between  extraction  and  last-mill  juice  purity 

It  may  be  asked  whether  the  purity  of  the  last- mill  juice  will  not  fall  more  and  more  rapidly 
as  the  extraction  approaches  100%,  for  a  given  fibre  figure.  Now  Haines  and  Hughes  have 
shown"  that  it  tends  towards  an  asymptotic  limit  (Fig.  21.3);  this  is  encouraging  when  an 
improvement  in  extraction  of  a  tandem  is  sought. 

It  may  indeed  be  asked  whether  the  fall  in  purity  of  the  increment  of  juice  obtained  would 
not  neutralise  the  gain  in  extraction  sought.  Reasoning  from  the  graph  in  Fig.  21.3,  we  see 
that  a  gain  of  \°7o  in  extraction  (e.g.  95  —  96%)  would  give  a  juice  which  we  may  assume, 
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at  the  worst,  as  of  69  purity,  assuming  that  it  was  obtained  entirely  from  the  final  mill.  If 
the  factory  obtains  a  molasses  purity  of  40,  the  overall  gain  would  be  (eqn.  (39.1)): 

1  x  100 <69  _  40>  =  0.70 
69(100-40) 

or  70%  of  the  gain  obtained  at  the  mills. 

Although  this  purity  drop  has  a  detrimental  effect,  it  should  not  discourage  the  attempt 
to  obtain  an  improved  extraction. 

South  Africa12  has  found  the  relationship: 

Purity  of  cane       =  {QQ053  x  extractjon)  +  Q M 
Purity  of  mixed  juice 

using  apparent  purities.  For  diffusion  factories,  the  ratio  becomes: 

Purity  of  cane 


Purity  of  mixed  juice 


=  (0.0042  X  extraction)  +  0.58 


Purity  of  residual  juice 

This  progressive  drop  in  purity  would  continue  to  show  up  if  the  final  bagasse  were  passed 
on  to  a  further  mill.  Actually,  the  drop  in  purity  between  juice  and  bagasse  at  the  last  mill 
is  very  considerable,  and  the  purity  of  residual  juice  is  of  the  order  of  45  or  50  in  general, 
rarely  being  as  high  as  60;  for  this  reason,  it  should  not  be  replaced  by  the  purity  of  back- 
roller  juice  of  the  last  mill,  which  is  much  higher. 

Java  ratio 

This  expression  denotes  the  quotient: 

pol  %  cane  ,_. 

Java  ratio  =  100  x   (21.18) 

pol  %  1st  expressed  juice 

It  aims  to  deduce  the  pol  in  cane  by  a  simple  multiplication,  knowing  the  pol  of  crusher 
juice.  It  is  utilised  with  this  object  in  certain  countries  where  the  price  of  cane  to  the  growers 
is  based  on  its  sugar  content. 

Actually,  this  ratio  represents: 

J.R.  =  S  (1  ~  &  (21.19) 
5, 

S  -  pol  %  absolute  juice 

Si  =  pol  %  of  1st  expressed  juice 

/    =  fibre  per  unit  cane. 

Its  value  varies  from  77  to  90,  for  different  factories  and  different  countries.  It  obviously 
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depends  essentially  on  the  fibre  content  of  cane.  Innes13  gives  the  value: 

J.R.  =  98.5  -    1.34/  (21.20) 

Kerr14  interprets  this  equation  as  indicating  that  the  difference  between  98.5  and  100  could 
be  due  to  the  water  of  constitution  of  the  cane  ("brix-free  water"),  which  is  of  the  order  of 
1.5%  on  cane;  and  that  a  certain  proportion  of  the  "hygroscopic"  water,  equal  to  34%  on 
fibre,  would  remain  attached  to  the  fibre,  and  would  not  be  extractable. 

It  appears  that  this  ratio  has  furnished  a  rough  but  practical  method  for  cane  payment  ac- 
cording to  sugar  content,  and  that  there  is  no  reason  to  expect  anything  more  of  it. 

Hawaii  ratio 

This  is  the  quotient: 

^  _      brix  of  absolute  juice  ^ 
brix  of  1st  expressed  juice 

This  ratio  is  useful  for  calculating  easily  the  sugar  in  cane  in  factories  where  neither  imbibi- 
tion water  nor  mixed  juice  are  weighed  (see  first  edition,  p.  259). 

It  is  generally  of  the  order  of  0.96-0.97  but,  unfortunately,  it  also  is  rather  variable  from 
one  factory  to  another;  and  in  the  one  factory,  from  one  variety  to  another,  though  for- 
tunately to  a  smaller  extent. 

It  is  readily  determined  by  a  test  with  dry  crushing. 

Arceneaux15  has  found  in  Louisiana  that  the  fibre  content  of  cane  had  an  influence  on  the 
coefficient  k.  After  numerous  observations  carried  out  on  several  varieties  of  cane,  he  has 
reported  figures  which,  except  for  slight  variations  peculiar  to  certain  varieties,  allow  the 
following  equation  to  be  used  with  a  good  degree  of  approximation: 

k  =  1  -  0.002/  (21.22) 

/    =  fibre  %  cane. 
Innes16  gives: 

k  =  1.003  -  0.004/  (21.23) 

an  expression  which,  as  will  be  seen,  diverges  markedly  from  that  proposed  according  to 
Arceneaux,  and  furnishes  smaller  values  of  k.  The  two  authors,  however,  are  in  agreement 
in  indicating  a  decrease  in  the  coefficient  k  with  an  increase  in  fibre. 

Imbibition  and  dilution 

It  is  important  to  avoid  confusing  these  two  terms  as  is  sometimes  done. 
Imbibition  is  the  total  quantity  of  water  added  at  the  mills,  per  100  of  cane. 
Dilution  is  the  quantity  of  imbibition  water  which  enters  the  mixed  juice,  per  100  of  cane. 
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The  difference  between  these  two  figures  represents  the  quantity  of  imbibition  water  re- 
maining in  the  bagasse,  per  100  of  cane. 

It  is  of  interest  to  note  that,  for  normal  values  of  imbibition,  the  quantity  of  water  remain- 
ing in  the  bagasse  varies  but  little.  It  generally  lies  between  8  and  12.  The  remainder  of  the 
imbibition  passes  into  the  mixed  juice.  When  the  imbibition  is  increased,  a  weight  of  diluted 
juice  approximately  equal  to  that  of  the  additional  imbibition  passes  into  the  juice,  and  it 
is  this  quantity  of  "mixed  juice  %  cane"  which  absorbs  almost  wholly  the  variations  of  im- 
bibition. 

Shannon163  (personal  communication)  considers  that  the  ratio  of  "dilution  %  primary 
juice"  to  the  "imbibition"  should  be  between  0.95  and  1.05.  If  the  ratio  is  below  0.95,  the 
imbibition  figure  is  too  high;  if  above  1.05,  the  imbibition  figure  is  too  low. 


Example: 


Brix  of  primary  juice  =  19.16  )  „ 

,     ...  \      Thlution  %  primary  jvuce 

Brix  of  mixed  juice     =  14.98  ^ 


=  100  X  _  =  27.90 

14.98 


27  90 

Imbibition  =  29.06  k  =  =  0.96 

29.06 


We  have: 
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c  =  100  (R  -  jS) 


c   =  sucrose  extracted  %  cane 
R  =  sucrose  content  of  cane 
j3  =  sucrose  in  bagasse  %  cane. 
Or: 


c  =  100  |  R  -  o  | 

v  J  ' 


(21.24) 


a  =  sucrose  %  bagasse 
/    =  fibre  %  cane 
/'  =  fibre  %  bagasse. 
Or: 
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Evaluation  of  cane 

In  a  sugar  factory,  it  is  necessary  constantly  to  determine  the  value,  in  terms  of  sugar,  of 
various  batches  of  cane,  either  to  determine  the  sugar  content  of  one  variety  or  of  a  field 
and  hence  its  sugar  content  per  acre,  to  analyse  the  various  parcels  of  cane  from  field  ex- 
periments, or  to  determine  the  quantity  of  sugar  in  the  cane  from  each  of  the  growers  or  from 
cooperative  groups,  etc. 

Recoverable  sugar 

One  requirement  must  be  first  realised:  the  interesting  thing  to  determine  is  not  the  sugar  con- 
tent proper  (that  is,  the  quantity  of  sucrose  contained  in  [00  parts  of  cane)  but  the 
recoverable  sugar,  in  other  words,  the  quantity  of  sugar  or  of  sucrose  which  the  factory  will 
be  able  to  recover  from  100  parts  of  the  cane  under  consideration.  As  we  shall  see  later,  two 
canes  of  the  same  sugar  content  do  not  give  actually  the  same  yield  of  sugar,  if  their  fibre 
contents  or  the  respective  purities  of  their  juices  are  different. 

We  shall  attempt  then  to  determine  the  yield  of  sucrose  from  a  given  cane.  Let: 
R    =  sugar  %  of  cane  under  consideration 
So  =  sucrose  %  absolute  juice 
/     =  fibre  per  unit  of  cane 
X   =  sugar  recoverable  from  the  cane 

B    =  brix  of  primary  juice  furnished  by  the  1st  mill  (or  by  the  combination  of  crusher  and 

1st  mill) 
S    =  pol  %  primary  juice 

P    =  apparent  purity  of  primary  juice  =  (S/B)  x  100 
P'  =  Clerget  purity  of  mixed  juice  obtained  from  this  cane 

M  -  usual  Clerget  purity  of  the  molasses  from  the  factory  (assumed  obtainable  with  the 
cane  under  consideration). 
The  sugar  entering  the  factory,  %  on  cane,  is: 


Being  unable  to  extract  the  absolute  juice,  we  must  be  content  with  analysing  the  primary 
juice,  or  dry-crushing  juice,  but  we  know  that  the  sucrose  %  primary  juice  bears  the  ratio 
k,  approximately  constant  and  approaching  1,  to  the  sucrose  %  of  absolute  juice.  We  may 
therefor  write: 


k\  =  coefficient  slightly  less  than  1,  and  relatively  constant. 

The  factory  recovers  only  a  fraction  of  R.  Assuming  that  the  losses  in  muds  and  the 
undetermined  losses  are  small,  we  may  introduce  a  second  coefficient  k2  to  take  these  two 
small  losses  into  account.  It  remains  to  calculate  the  two  major  losses:  loss  in  bagasse  and 
loss  in  molasses. 


R  =  So  (1   -  f) 


(21.25) 


R  =  So  (1  -  /)=      •  S  (1  -f) 


(21.26) 
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(1)  Loss  in  bagasse.  Let: 
0   =  sugar  lost  in  bagasse  %  cane 
a   -  sucrose  %  bagasse 
/'   =  fibre  per  unit  of  bagasse. 

We  have: 

P  =  °y;  (21-27) 

If  we  require  the  value  of  this  loss  corresponding  to  a  standard  extraction  eo  (for  example, 
95%)  and  for  a  standard  fibre/0  (for  example,  0.125),  we  should  have: 

~  =  —  ■  -  =  1  -  e,  hence  -  =  LJ—L^.  (21.28) 
R     f    R  R  f  ' 


and  we  require: 


a 


/'  (1  -  eQ) 


R  fo 

The  following  must  then  hold: 


O  =  /  ./'  (1  -  go)  =(1  -  e0)f 
R     /'  fo        "      ~  fo 


The  sucrose  obtained  after  the  milling  plant  will  be: 

*,.S(, [.  -(1 


(21.29) 


It  is  necessary  to  choose  standard  values  for  /o  and  eo.  We  shall  take  fo  =  0.125,  the 
classical  and  general  figure,  and  eo  =  0.975.  The  latter  figure  is  chosen  on  account  of  the 
preference  for  basing  the  calculations  on  ideal  or  maximal  values,  and  from  the  fact  that  cer- 
tain milling  tandems  approach  or  exceed  97%,  and  since  diffusion  makes  such  extractions 
readily  attainable. 

Hoarau17  has  shown  in  Reunion  that  £\  is  a  function  of  /and  he  has  given  the  range  of 
variation  for  all  the  factories  in  the  island.  The  good  correlation  between  the  graph  obtained 
and  the  individual  values  found  for  widely  different  tandems  and  factories  allows  the  results 
to  be  generalised  and  expressed  with  very  good  precision  by  the  formula: 

k\  =  1  -  0.57/ 


Substituting  the  values  of  £i,/0and  eo  in  eqn.  (21.29),  we  have: 
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Ar2-  5(1  -  0.57/)  (1  -/)(!  -  0.2/) 


or: 


^2-5(1  -  1.77/+  0.884 /2  -  0.114/3) 

The  terms  inf  and  /3  have  little  effect.  If  we  retain  only  the  term  in  /  and  modify  it  in 
order  to  give  it  the  same  value  as  the  whoje  polynomial  in  /  would  have  for  a  mean  value 
of  /,  the  sucrose  obtained  after  the  milling  plant  becomes: 

k2  •  5(1  -  1.65/) 


and  it  is  readily  shown  that  the  approximation  thus  adopted  involves  an  error  not  exceeding 
0.4%  (say  4  parts  per  1,000)  for  extreme  values  of/  such  as  0.10  and  0.16. 

(2)  Loss  in  molasses.  If  we  take  a  standard  purity  M for  the  final  molasses,  the  final  quanti- 
ty of  sucrose  recovered  from  the  cane  under  consideration  will  be  (cf.  eqn.  (39.1): 

X  =  k2  •  5(1  -  1.65  f)  l00^^ 

P'  (100  -  M) 


or: 


But: 


Hence: 


X  =  kf  •  S  (l  -  1.65  f)  

100  -  M  P' 


P 

S  =  B  — 
100 


B  p '    —  AA 

X  -  kj  (1  -  1.65  f)  P  ■  — 

1 00  -  M  J)  P' 


Now: 
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If  we  choose  a  standard  purity  of  molasses  M  such  that: 

M—  =  30 
P' 

which  corresponds  closely  to  M  =  29,  a  value  very  close  to  the  classical  figure  M  =  28.57, 
we  shall  have: 

100  P  -  i,0 

X  =  k2  •  •  B  (1  -  1.65  /)  

100  -  M  J  100 

Putting: 

,         100  . 

k2    =  k 

100-M 


and  commenting  that: 


100  100 


we  then  have: 


X  =  k{\  -  1.65  f)(S  -  0.3  B)  (21.31) 


k  is  the  efficiency  coefficient  for  the  factory.  It  varies  with  the  extraction  at  the  mills  and 
with  the  recovery  in  the  boiling  house.  However,  it  does  not  measure  rigorously  the  efficiency 
of  the  factory  since  it  depends  also  on: 

(a)  The  proportion  of  primary  juice  obtained.  When  the  primary  juice  is  derived  from  the 
combination  of  crusher  and  1st  mill,  or  indeed  from  a  particularly  effective  1st  mill,  this  pro- 
portion is  high;  the  primary  juice  consequently  approaches  the  absolute  juice  {k\  approaches 
unity)  and  the  coefficient  k  is  higher.  When  the  primary  juice  represents  only  a  small  fraction 
of  the  absolute  juice  (as  in  the  case  of  a  low  extraction  at  the  1st  mill),  the  coefficient  k  is 
slightly  lower.  This  is  equally  the  case  when  the  first  expressed  juice  is  sampled  (crusher  juice, 
or  front-roller  juice  of  the  1st  mill)  instead  of  the  primary  juice.  This  practice  moreover  is 
not  to  be  recommended,  since  the  proportion  of  first  juice  extracted  depends  to  a  much 
greater  extent  on  the  instantaneous  volume  of  cane  supplied  to  the  mill  (in  other  words,  on 
whether  the  mill  is  more  or  less  loaded  at  the  moment  of  sampling),  and  its  sugar  content 
varies  in  proportion;  it  is  then  more  variable  than  that  of  the  primary  juice  relative  to  the 
sugar  content  of  the  absolute  juice. 

(b)  The  cane  preparation.  The  phenomenon  just  discussed  is  in  fact  greatly  accentuated 
by  the  degree  of  preparation  of  the  cane.  Munro18  has  obtained  the  graphs  given  in  Figs.  21.4 
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Fig.  21.4.  Brix  of  extracted  juice  relative  to  preparation  and  proportion  of  juice  extracted. 
Fig.  21.5.  Brix  of  primary  juice  as  a  function  of  proportion  extracted. 
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and  21.5,  which  demonstrate  the  effect  of  fineness  of  preparation  on  the  variations  in  brix 
of  juice  extracted.  In  Fig.  21.4,  the  ordinates  represent  the  brix  of  the  last  portion  of  juice 
extracted,  for  each  supplementary  fraction  obtained  under  the  press.  In  Fig.  21.5,  they  repre- 
sent the  mean  brix  of  the  whole  of  the  juice  already  extracted;  these  are  the  curves  which  are 
of  interest  here.  In  Fig.  21.6,  they  represent  the  ratio  B/Boof  the  brix  of  the  fraction  of  juice 
extracted  to  the  brix  of  absolute  juice.  This  shows  the  very  marked  influence  of  lst-mill  ex- 
traction on  the  brix  of  primary  juice,  for  the  same  cane  or  for  identical  canes,  and  emphasises 
the  caution  which  should  therefore  be  used  when  comparing  the  primary  juices  of  two  dif- 
ferent tandems.  It  will  be  noted  also  that  the  difference  due  to  preparation  decreases  substan- 
tially for  a  proportion  in  the  neighbourhood  of  60-70%  of  primary  juice;  hence  the  advan- 
tage of  analysing  the  primary  juice  rather  than  the  first  expressed  juice,  which  can  only  with 
difficulty  amount  to  more  than  50%  of  the  absolute  juice,  and  often  amounts  to  only  40%. 

This  equalising  effect  on  preparation  is  readily  understood  when  it  is  realised  that  the  cells 
of  the  rind  and  the  nodes  contain  the  juice  of  lowest  brix  and  of  lowest  purity;  hence  in- 
complete preparation  leaves  them  to  a  great  extent  intact,  in  which  case  they  retain  their  juice 
when  the  first  pressure  is  applied;  whereas  more  intensive  preparation  breaks  the  cells  and 
they  can  thus  release  their  juice  with  the  first  application  of  pressure. 

We  may  comment  that  both  effects  (a)  and  (b)  are  still  more  marked  on  the  purity  than 
on  the  brix,  which  accentuates  their  effect  on  the  coefficient  k. 

(c)  The  exhaustibilityofthe  molasses  (cf.  p.  678).  If  the  ratio  reducing  sugars/ash  is  high, 
the  factory  will  more  readily  obtain  a  low-purity  molasses  and  consequently  a  high  value  of 
k;  if  this  ratio  is  low,  it  will  have  to  be  content  with  a  relatively  high  molasses  purity,  which 
will  give  it  a  relatively  low  coefficient. 

(d)  The  method  of  expressing  recoverable  sugar.  For  determination  of  sugar  content  of 
growers'  cane,  the  recoverable  sugar  is  generally  reckoned  not  in  sucrose  but  in  sugar  "tel 
quel"  or  standard  (94  net  titre,  96°  polarisation,  etc.,  according  to  custom  and  the  country 
concerned).  In  this  case,  the  coefficient  k  will  be  higher  according  as  the  sugar  is  reckoned 
at  a  lower  polarisation  or  titre. 


DETERMINATION  OF  THE  VALUE  OF  THE  COEFFICIENT  k 

For  the  coefficient  k  the  mean  value  obtained  during  the  previous  season  is  adopted,  or  the 
"to  date"  results  for  the  current  season.  If  g  is  the  average  yield  (in  "tel  quel"  sugar,  in  96° 
polarisation  sugar,  or  in  sucrose,  according  to  the  figure  used)  for  the  season,  we  have: 

k  =  ?   (21.32) 

(1  -  1.65/)  (S  -  0.3  B) 


the  values  of /,  S  and  B  being  the  general  averages  for  the  factory  for  the  season  or  the  period 
under  consideration. 
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NORMAL  VALUES  OF  EFFICIENCY  COEFFICIENT  k 


Assuming  a  sugar  of  99°  polarisation,  a  very  good  extraction  and  a  molasses  of  high  ex- 
haustibility,  a  factory  should  theoretically  obtain,  relative  to  typical  values  of  fibre,  brix  and 
sucrose  %  primary  juice  as  furnished  by  its  chemical  control,  an  efficiency  coefficient  k  of 
the  order  of  1.46;  this  figure  assumes  no  losses  in  muds  and  no  undetermined  losses.  Such 
a  figure,  however,  is  to  our  knowledge  never  attained,  and  most  well-conducted  factories 
maintain  a  figure  between  1.38  and  1.42.  Many  others  remain  in  the  neighbourhood  of  1.35. 

The  value  of  k  deduced  from  the  factory  control  ("factory  k")  must  not  be  confused  with 
that  obtained  by  analysing  fresh  cane  ("planters'  k")  as  obtained  from  analyses  of  cane  from 
the  fields,  of  experimental  lots,  or  of  planters'  cane  for  payment  purposes.  Fresh  cane,  which 
has  not  been  stored  in  the  yard,  is  in  fact  always  superior,  other  things  being  equal,  to  canes 
of  the  same  origin  which  have  spent  some  hours  in  the  yard.  For  factories  having  a  relatively 
well-controlled  cane  supply,  but  for  12  hours  a  day  only,  and  consequently  having  to  make 
provision  for  overnight  supply,  when  they  crush  for  24  hours  per  day,  it  is  necessary  to 
reckon  a  planters'  coefficient  kp  (fresh  cane)  about  2  points  lower  than  the  factory  kv  fur- 
nished by  the  chemical  control  (e.g.  1 .38  instead  of  1 .40).  The  average  k  for  a  factory  during 
a  season,  calculated  from  the  analysis  of  fresh  cane  from  all  its  suppliers  and  its  growers, 
is  thus  different  from  the  k  obtained  from  the  general  average  figures  of  the  chemical  control, 
and  appreciably  lower.  The  difference  originates  to  a  small  extent  from  the  increase  in  fibre 
content  during  storage,  but  to  the  major  extent  from  the  drop  in  purity;  the  brix  remains  ap- 
preciably unchanged. 


We  strongly  recommend  the  use  of  the  coefficient  k.  It  is  the  best  means  of  measuring  the 
value  of  any  batch  of  cane  to  the  factory  and  of  relating  it  to  real  sugar  produced.  It  is  also 
the  simplest  and  easiest  means  of  ascertaining  the  sugar  produced  per  acre  by  each  variety 
in  each  field  under  the  control  of  the  factory,  or  the  sugar  per  tonne  of  cane  from  any  outside 
supplier. 


It  is  interesting  to  make  use  of  another  means  of  determining  k,  to  assess  the  work  of  the 
factory.  This  second  method  is  applicable  only  to  the  average  performance  of  the  week  or 
of  the  season.  It  consists  of  applying  the  same  formula  (21.32),  but  by  writing: 


USE  OF  THE  COEFFICIENT 


SPECIAL  USE  FOR  FACTORY  CONTROL 


100  Qn 


(21.33) 


(1  -  1.65/)  B  (P'  -  30) 


in  which  B  is  indeed  the  brix  of  primary  juice,  but  P '  is  the  Clerget  purity  of  the  mixed  juice 
and  ec  the  yield  in  E.S.G.  (c/.  p.  842).  This  equation  avoids  the  uncertainties  regarding 
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purity  of  primary  juice  (differenceP '  -  P  variable)  and  of  sugar  quality,  and  the  only  uncer- 
tainty remaining  is  that  of  brix  of  primary  juice  (cf.  Fig.  21.6). 

For  factories  having  a  complete  chemical  control,  we  may  advance  a  step  further  towards 
precision  by  calculating: 


A      (1  -  1.65/)  (SA-  03  BJ  V    ■  ' 

where  SA  and  BA  are  the  calculated  values  of  sucrose  and  brix  of  the  absolute  juice.  The  kA 
thus  determined  gives,  more  simply  and  rapidly,  a  better  criterion  of  the  general  reduced 
recovery  (e]2  }  •  rg;  -  cf.  eqn.  (39.14)).  Good  operation  then  gives  a  value  of  kA  lying  bet- 
ween 1.47  and  1.53. 


Comment.  We  may  be  tempted  to  replace  the  factors  1.65  and  0.3  in  eqn.  (21.31)  by  par- 
ticular figures  corresponding  to  the  actual  extraction  and  the  actual  molasses  purity  obtained 
by  the  factory.  The  value  of  k  obtained  by  an  analysis  of  plantation  cane  or  suppliers'  cane 
would  then  theoretically  be  more  accurate.  In  practice,  the  accuracy  of  the  analysis  would 
not  justify  this,  improvements  in  the  factory  would  necessitate  changing  the  factors  each 


TABLE  21.3 


FORMS  AND  USES  OF  FACTORY  COEFFICIENT  k 


Symbol 


Cane 

Cane  for  analysis 

Bases 
Brix  to  be 
determined 

Juice  to  be 
polarised  or 
calculated 
(for  pol  or  purity) 

Fibre 


Batch  of  fresh  cane 


Recovery 

Use 


Normal  values 


Primary  juice 
(batch  for  analysis) 

Primary  juice  from 
batch 

(pol  or  app.  purity) 

Direct  analysis  of 
batch 

Raw  sugar 

Evaluation  of 
varieties  or 
fields 

Payment  for  cane 
1.32-1.40 


Average  of  cane  entering  mills 


Primary  juice 
(mean  for  week  or  season 


Absolute  juice 
(mean  for  week  or 
season) 


Primary  juice  Mixed  juice              Absolute  juice 

(mean  pol  or  app.  (mean  Clerget  pty.)  (mean  Clerget  pty.) 
purity) 

Calculated  figure  Calculated  figure       Calculated  figure 


Raw  sugar 

Basis  of 

cane  payment 


1.34-1.42 


E.S.G. 

Chemical  control 
(factory 
performance) 


1.36-1.44 


E.S.G. 

Chemical  control 
(factory 
performance) 


1.40-1.53 
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year,  and  coefficients  for  the  factory  for  different  periods,  or  coefficients  for  it  and  other 
factories,  would  no  longer  be  comparable.  It  is  much  preferable  to  use  a  standard  and  general 
formula,  for  which  tables  for  the  two  values  concerned  may  be  used,  giving  without  calcula- 
tion the  value  of  the  term  k  (1  -  1.65  /). 

Example.  If  we  take  a  factory  giving  average  values  for  a  season  of: 
/     =  fibre  in  cane  0.134 
BA  =  brix  of  absolute  juice  17.36 
SA  =  sucrose  %  absolute  juice  14.54 
6c  =  yield  in  E.S.G.  10.82, 
its  efficiency  coefficient  has  a  value: 

KA  =  ^  =  1.4886 

A      [1  -  (1.65  X  0.134)]  [14.54  -  (0.3  X  17.36)] 

This  same  factory,  operating  on  fresh  cane,  obtains  a  mean  "farmers'  k"  of  1.390.  What 
sugar  yield  could  it  obtain  from  a  field  which  gave  an  analysis  of  cane  and  primary  juice  of 
the  following  values: 

/  =  0.136 

B    =  21.40 
S   =  18.83. 

We  have: 

X  =  1.390  [1  -  (1.65  x  0.136)]  [18.83  -  (03  x  21.40)]  =  13.38 

Summary.  The  use  of  the  factory  coefficient  k  is  very  useful,  but  it  is  necessary  to 
distinguish  clearly  between  its  several  forms,  as  given  in  Table  21.3. 
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22.  Fine-Bagasse  Separators 


Many  particles  of  bagasse  drop  from  the  mills,  falling  through  the  space  between  feed  plate 
and  feed  roller,  or  being  extracted  from  the  Messchaerts  by  the  scrapers,  or  dropping  between 
the  trashplate  and  delivery  roller. 

The  quantity  of  such  fine  bagasse  is  very  variable,  but  generally  amounts  to  between  1  and 
10  g  of  dry  material  per  litre  of  juice  (taking  into  account,  obviously,  only  the  fine  bagasse 
in  suspension,  and  not  large  pieces). 

The  fine  bagasse  is  known  as  "bagacillo"  or  "cush  cush",  and  the  separator  is  an  ap- 
paratus placed  after  the  mills,  serving  to  screen  the  mill  juices,  and  to  return  to  an  in- 
termediate carrier  the  pieces  of  bagasse  recovered. 

Juice  trays 

To  avoid  the  accumulation  of  such  bagasse,  the  sides  of  the  juice  pan  should  have  a  slope 
of  at  least  55°. 


Fig.  22.1,  Double  transverse  juice  trays. 


Fig.  22.2.  Single  longitudinal  juice  tray. 


There  are  3  principal  arrangements  of  these  juice  trays: 

(7)  Individual  trays  for  each  mill,  flat,  and  in  one  piece;  now  obsolete 

(2)  Double  transverse  trays  under  each  mill  (Fig.  22.1),  permitting  front-  and  back-roller 
juices  to  be  separated 

(3)  A  single  longitudinal  tray  running  the  length  of  the  tandem  (Fig.  22.2).  The  juices  from 
the  various  mills  are  then  separated  by  small,  removable  weirplates. 

The  gutters  conveying  the  juice  to  the  separator  should  have  a  fall  of  1  -2%. 
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Screens 

The  fine-bagasse  separator  is  a  strainer  or  screen  often  termed  the  "cush  cush  screen"  (Fig. 
22.3). 

When  compound  clarification  is  practised,  it  is  necessary  to  keep  quite  separate  the  part 
of  the  screen  reserved  for  the  primary  juice.  In  long  tandems,  one  screen  may  be  kept  for 
the  primary  juice,  and  another  installed  for  the  secondary  juice  and  the  imbibition  juices. 

In  any  case,  compound  imbibition  makes  it  necessary  to  separate  the  compartments  into 
which  the  juice  from  the  later  mills  is  delivered.  Each  of  these  compartments  should  be  able 
to  discharge  its  overflow  into  the  compartment  corresponding  to  the  juice  from  the  preceding 
mill;  when  one  mill  feeds  badly  and  chokes,  the  common  practice  is  to  decrease  the  imbibi- 
tion to  that  mill,  and  it  is  thus  necessary,  with  compound  imbibition,  to  divert  the  juice  being 
used  as  imbibition. 


Fig.  22.3.  Combined  screen  and  elevator  for  fine  bagasse. 
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Area.  Generally,  an  area  of  0.05-0.1  m2  (0.5  -  1  sq.ft.)  of  perforated  screen  per  t.c.h.  is 
provided.  It  is  of  advantage  to  approach  the  higher  figure,  i.e.  0.1  m2  per  t.c.h.,  or  better, 
0.03  m2  per  t.c.h.  plus  0.01  m2  per  3-roller  mill  (the  crusher  not  being  counted). 

This  will  give: 

0.07  mVt.c.h.  (0.7  sq.ft. /t.c.h.)  for  a  12-  14-roller  tandem 
0.08  mVt.c.h.  (0.8  sq.ft./t.c.h.)for  a  15  -  17 -roller  tandem 
0.09  mVt.c.h.  (0.9  sq.ft. /t.c.h.)  for  a  18 -20-roller  tandem 

This  area  will  be  distributed  between  the  mills  in  the  proportions:  3  for  the  1st  mill,  2  for 
the  2nd,  and  one  for  each  of  the  following  mills. 

For  example,  a  15-roller  tandem  would  have  0.03  mVt.c.h.  (0.3  sq.ft. /t.c.h.)  for  the  1st 
mill,  0.02  (0.2)  for  the  2nd,  and  0.01  (0.1)  for  each  of  the  3  following  mills. 

It  is  generally  arranged  that  the  area  required"  for  each  of  the  later  mills  corresponds  to 
one  screen;  two  of  these  screens  are  then  provided  for  the  2nd  mill  and  three  for  the  1st,  The 
width  of  the  whole  unit  and  the  length  of  each  component  screen  are  then  chosen  accordingly 
to  give  the  required  area. 

Screen  plates.  The  juice  is  generally  screened  through  perforated  sheets  of  brass  or  copper. 
These  sheets,  being  light,  should  be  supported  by  a  rigid  checkerwork  frame.  This,  however, 
may  be  dispensed  with  if  thick  copper  plates  are  used.  Brass  is  more  rigid  and  gives  less  risk 
of  sagging  under  the  scrapers.  Copper  is  more  resistant  to  the  reaction  of  the  juice  and  conse- 
quently lasts  longer. 

The  standard  series  use  a  sheet  of  thickness  equal  to  the  diameter  of  the  perforations. 

For  the  first  2  mills,  a  sheet  of  copper  0.8-  1  mm  (jj-  ^  in.)  thick  will  preferably  be  used, 
with  holes  of  0.8-  1  mm  in  diameter.  In  the  French  series  they  are  designated  RD  0.8  S  and 
RD  1  S;  1.7  and  2  mm  between  centre  of  holes;  free  area,  or  area  of  openings  %  of  total 
area,  20  and  23%;  number  of  holes,  45  and  29  per  cm2  (289  and  196  per  sq.in.). 

For  the  later  mills,  a  sheet  of  1.6  mm  (f6  in.)  with  1.6-mm  holes;  designation,  RD  1.6  S; 
3  mm  between  centres  of  holes;  free  area,  25%  (13  holes  per  cm2  (81  per  sq.in.)). 

The  main  French  supplier  of  such  screens  is  the  firm  of  Krieg  and  Zivy. 

It  is  preferable  to  remove  as  much  as  possible  of  the  fine  bagasse  carried  by  the  juice.  For 
this,  the  finest  perforations  practicable  must  be  used.  In  Java,  with  the  precautions  and  con- 
trol measures  insisted  upon  at  the  mills,  use  of  perforations  of  0.4  mm  (^in.)  was  achieved1. 
This  is  the  smallest  value  obtainable  with  an  ordinary  screen. 

The  perforated  sheets  will  be  ordered  in  the  form  of  rectangles  to  suit  the  frames  of  the 
separator  in  which  they  are  to  be  used;  it  will  be  desirable  to  specify  that  they  should  be  made 
with  a  non-perforated  border  of  25  mm  (1  in.)  along  the  sides  of  the  sheets  and  50  mm  (2 
in.)  at  the  ends  adjoining  the  neighbouring  plates. 

It  is  preferable  to  fix  each  screen  on  a  frame  which'can  be  introduced  or  withdrawn  by 
sliding  laterally,  so  that  the  new  frame  pushes  the  other  one  out.  In  this  way  screens  may 
be  removed  and  cleaned  without  stopping  the  scrapers. 

Chains.  The  elevator  chains,  working  in  acid  juice,  are  subject  to  severe  wear.  It  is  well 
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to  examine  them  every  year,  to  renew  them  frequently,  and  especially  to  choose  a  well- 
designed  make. 

The  scrapers  should  be  of  wood  or  rubber. 

Precautions.  The  cush  cush  equipment  is  one  of  the  items  of  plant  where  contamination 
is  most  to  be  feared.  If  it  is  neglected,  it  happens  at  times  that  the  outlets  become  blocked 
with  "frog  spawn"  (Leuconostoc  mesenteroides). 

Cleanliness  of  the  equipment  should  therefore  receive  careful  attention;  it  should  be  steam- 
cleaned  at  least  twice  per  day,  and  cleaned  completely  each  week  at  the  same  time  as  the  mills. 

For  this  operation,  it  is  convenient  to  have  the  screen  arranged  so  that  the  whole 
framework  may  be  lifted  by  one  end,  leaving  the  juice  tank  fully  accessible. 

Application.  The  fine-bagasse  separator  is  still  encountered  but,  in  new  factories  and  in 
those  which  are  modifying  their  milling  equipment,  the  juices  of  the  various  mills  are  handled 
by  unchokable  pumps  and  returned  directly  ahead  of  the  preceding  mill  in  the  train.  This 
system  is  much  simpler,  less  costly,  and  offers  less  obstruction,  as  it  frees  the  whole  of  one 
side  of  the  tandem,  and  saves  the  cost  of  the  separator  and  its  upkeep  (chains  and  screens). 

Juice  supply  to  the  unchokable  pumps  should  be  made  by  a  juice  tank  of  vortex  type,  to 
avoid  trouble  and  losses  of  priming. 

Secondary  screening 

The  separation  obtained  by  the  cush  cush  screens  is  coarse  only.  The  juice  is  often  screened 
a  second  time  before  being  sent  to  the  clarification  process. 

The  material  still  remaining  in  the  juice  consists  predominantly  of  very  fine  bagasse  (since 
it  has  passed  through  holes  of  the  order  of  1  mm  in.)  in  the  separator  screens).  Strictly, 
it  is  only  this  material  that  merits  the  name  of  fine  bagasse  or  bagacillo. 

To  separate  this  bagacillo  still  in,suspension,  it  is  necessary  to  use  a  fine  metallic  cloth. 
If  it  is  arranged  as  a  rotating  screen,  an  area  of  about  0.1  m2  (1  sq.ft.)  of  metallic  cloth  per 
t.c.h.  should  be  provided.  These  woven  screens  are  generally  of  phosphor  bronze,  Nos. 
140-160  for  preference. 

Oliver  D.S.M.  screen 

Like  the  vibrating  screen,  this  type  may  serve  equally  well  as  a  2nd  screen  or  as  a  1st  and 
single  screen  (Fig.  22.4). 

The  screen  is  formed  of  horizontal  prismatic  bars  set  close  together,  leaving  an  interval  be- 
tween them  of  1  or  0.7  mm  or  5^  in.),  and  placed  in  a  45°  arc  of  a  circle,  the  tangent  to  which 
at  its  upper  end  is  vertical  and  the  length  of  which  along  the  curve  is  1.6  m  (5  ft.  3  in.).  The 
screen  is  made  in  6  widths,  91,  122,  152,  183  and  213  cm  (3,  4,  5,  6,  6.5  and  7  ft.).  The  juice 
is  distributed  at  the  top  by  means  of  an  overflow  box,  and  flows  along  the  arc.  The  suspended 
particles  are  retained  on  the  screen  and  collected  at  the  bottom,  while  the  juice  passes  between 
the  bars. 

The  bars  are  made  either  of  stainless  steel,  which  has  much  better  life,  or  "everdur" 
bronze,  which  is  preferable  where  there  is  a  risk  of  contamination,  as  bacteria  grow  only  with 
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Fig.  22.4.  Principle  of  D.S.M.  screen. 

difficulty  in  the  presence  of  this  metal.  The  overflow  box  and  the  juice  receiver  behind  the 
screen  are  in  stainless  steel. 

A  choice  of  two  spacings  for  the  bars  is  available,  1  and  0.7  mm  (57  and  ^  in.).  The  former 
is  employed  mostly  for  a  first  screening,  and  the  screen  may  then  be  installed  above  an  in- 
termediate carrier;  in  this  case  a  screen  is  chosen  of  15  or  30  cm  (6  or  12  in.)  narrower  than 
the  carrier,  in  order  to  give  a  better  distribution  of  the  fine  bagasse  on  the  carrier. 

The  capacity  of  the  screen  with  1-mm  spacing  is  7,500  litres  of  juice  per  dm  of  width  (23 
t.c.h.  per  ft.).  With  the  narrow  spacing,  the  capacity  is  80%  of  that  figure,  say  6,000  litres 
per  dm  (18  t.c.h.  per  ft.).  Certain  factories,  however,  report  appreciably  higher  capacities 
for  the  1-mm  spacing,  and  count  on  100  t/h  of  juice  per  m  (30  t/h  per  ft.)  of  width.2 

This  screen  has  the  advantage  of  being  more  effective  than  those  of  the  cush  cush  type, 
and  of  having  no  moving  parts,  and  thus  avoids  wear  and  the  disadvantages  of  vibrating 
screens.  They  leave  about  0.8  —  1.5  g  of  fine  bagasse  per  litre  of  juice  (with  1-mm  spacing), 
or  0.7-  1.2  g  with  0.7-mm  spacing. 

The  screen  is  cleaned  by  means  of  a  jet  of  hot  water  delivered  by  a  perforated  pipe  placed 
under  the  overflow  box.  Cleaning  every  8  hours  is  recommended. 

It  is  considered  in  Australia3  that  factories  having  a  careful  preparation  of  cane  should  not 
utilise  screens  with  openings  larger  than  0.8  mm  in.)  if  they  wish  to  maintain  the  fibre 
content  of  clarified  juice  below  a  maximum  of  0.2%. 

To  prolong  the  life  of  the  screen  and  to  improve  its  efficiency,  it  is  of  advantage4:  (1)  to 
pay  attention  to  this  sanitation;  (2)  to  reverse  the  bars  end  for  end  when  they  become  worn; 
(3)  to  sharpen  the  edges  of  the  bars  from  time  to  time. 
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The  D.S.M.  screen  may  also  be  used  for  screening  clear  juice  after  clarification3.  Ic  is  then 
installed  with  0.35-mm  (n-iiKj  clearance  between  bars.  In  short,  it  has  3  applications: 

(a)  As  1st  screening,  with  1 -mm  spacing 

(b)  As  a  2nd  screen,  with  0.7-mni  spacing 

(c)  As  a  clarified-juiee  screen,  with  0.35-mm  spacing. 


Fig.  22.5.  B.M.A  -  D.S.M.  type  curved  screen. 


FHterec  Juice 


Fig.  22.6.  "Vibro-cril)lc'~  filtering  and  screening  set  with  vibrating  motors  (1.250  x  3.000  in) 
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Vibrating  screens 

The  second  screening  may  also  be  effected  by  means  of  a  vibrating  screen.  Vibrating  screens 
today  are  generally  arranged  as  single  screens  to  perform  the  whole  screening  operation. 

The  vibrating  screen  permits  of  a  reduction  in  the  proportion  of  bagacillo  in  screened  juice 
to  0.4  or  0.5  g  per  litre,  compared  with  0.6 —  1.5  for  fixed  screens. 

Numerous  types  of  vibrating  screen  are  in  use.  The  most  interesting,  to  the  author's 
knowledge,  is  the  "Vibro-crible",  manufactured  by  Fives  Cail-Babcock.  It  consists  of  a 
framework  (Fig.  22.5)  set  in  vibration  by  two  out-of-balance  motors  rotating  in  opposite 
directions  and  placed  above  the  frame.  The  floor  on  this  frame  forms  the  screen  surface;  it 
measures  1.25  m  (4  ft.)  in  width  and  3  m  (10  ft.)  in  useful  length.  It  is  of  stainless  steel,  6 
mm  (4  in.)  in  thickness,  designated  Z2  CN  1810;  the  grilles  similarly  are  in  stainless  steel  of 
17%  chromium.  They  take  the  form  of  bars  of  triangular  section,  apex  downwards,  leaving 
spaces  between  them  of  0.75  mm  in.).  The  two~motors  are  of  3  kW  (4  h.p.)  each,  running 
at  1460  r.p.m.  and  giving  the  chassis  a  longitudinal  vibration  of  3.7  mm  (0.15  in.).  The  frame 
is  horizontal,  but  may  be  given  a  slope  of  ±  2°. 

Capacity  is  125  mVh  (4,400  cu.  ft. /h)  of  juice;  if  preparation  is  very  fine,  it  is  wise  to  allow 
100  mVh  (3,500  cu.ft./h)  or  100  t.c.h.  To  avoid  splashing,  the  juice  should  be  fed  from  a 
plate  at  45°  terminating  5  cm  (2  in.)  above  the  screen,  thus  giving  a  very  low  fall  onto  the 
grille. 

The  grilles  are  supplied  by  "Filtres  Crepines  Johnson"  (Chatellerault,  France,  and 
elsewhere),  or  by  "Surescreen"  (Zillmere,  Qld.).  They  are  very  solid  and  durable  and  wear 
very  little.  The  chassis  is  supported  on  4  pads  furnished  with  dampers  in  butyl  rubber. 

Maintenance  is  very  simple;  lubrication  only  at  the  end  of  the  campaign  or  every  5,000 
hours.  On  the  other  hand,  the  grilles  require  cleaning  every  4  hours.  This  cleaning  may  be 
effected  by  equipment  with  a  flat  and  powerful  water  jet,  of  the  Arker  or  Symox  type,  under 
a  pressure  of  50  bars  (700  p.s.i.).  This  takes  about  5  minutes  per  screen.  It  may  be  made 
automatic,  and  then  operates  below  the  screen,  with  a  mobile  carrier  and  train  of  wheels. 
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23.  Diffusion 


BRIEF  HISTORICAL  NOTE 

In  the  great  majority  of  cane  sugar  factories  throughout  the  world,  extraction  of  sugar  from 
cane  is  effected  by  means  of  mills.  This  was  the  process  originally  employed;  it  has  been  pro- 
gressively improved  but  never  displaced.  The  only  exception  was  Egypt,  where  batch  diffu- 
sion, by  a  battery  of  diffusion  vessels,  as  used  in  the  beet  industry,  was  employed  for  a  long 
time  and  was  discontinued  only  towards  1960. 

However,  continuous  diffusion,  originating  before  the  Second  World  War,  expanded 
rapidly  afterwards,  with  the  rebuilding  of  European  factories  which  had  been  destroyed. 
From  1950  onwards  several  manufacturers  strove  to  adapt  to  cane  the  type  of  continuous  dif- 
fuser  which  they  had  designed  and  put  into  operation  with  beet.  In  the  beet  industry,  the 
■simplicity  of  the  continuous  diffuser,  its  efficiency  and  its  saving  in  manpower  had  caused 
it  quickly  to  replace  the  batteries  of  diffusion  vessels,  with  their  complicated  installation  and 
operation,  which  had  been  universal  during  the  first  half  of  the  twentieth  century.  These  were 
as  complicated,  in  their  way,  as  mill  tandems;  the  simplicity  of  the  continuous  diffuser,  on 
the  other  hand,  was  very  attractive.  It  remained  to  adapt  it  to  cane  and  to  try  it  in  operation. 


LIMITATIONS  OF  MILLS 

When  one  considers  the  great  progress  which  has  been  realised  in  the  construction  and  opera- 
tion of  milling  plants,  one  may  well  ask  what  are  the  reasons  which  today  have  prompted 
manufacturers  of  cane  sugar  to  return  to  this  other  method  of  extraction,  namely,  diffusion. 
Would  it  be  simply  a  matter  of  fashion?  No,  There  are  sound  reasons  which  have  prompted 
them: 

(a)  The  mill  is  a  barbarous  piece  of  equipment  (cf.  p.  132):  a  tremendous  amount  of  energy 
is  expended  to  extract  the  juice  from  the  cane;  but  the  bagasse,  thus  deprived  of  its  juice, 
re-absorbs  juice  the  moment  it  has  released  it,  as  it  passes  the  axial  plane  of  the  rollers.  Thus 
a  large  proportion  of  the  benefit  just  obtained  is  lost  and  much  of  the  trouble  and  power 
expended  is  wasted;  no  method  has  been  found  to  remedy  this  inherent  disadvantage  of  the 
principle  of  milling  itself. 

(b)  The  mills  consume  considerable  power,  out  of  proportion  to  the  result  obtained. 

(c)  The  mills  are  very  heavy  and  very  expensive,  both  the  purchase  price  and  in  costs  of 
operation  and  maintenance. 

(cf)  Whatever  the  power  expended,  it  is  acknowledged  that  a  certain  proportion  of  the  juice 
or  liquid  contained  in  the  cane  or  the  bagasse  cannot  be  extracted  by  pressure  (cf.  pp.  134 
and  135).  In  spite  of  the  repeated  applications  of  pressure,  in  spite  of  the  artifice  of  imbibi- 
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tion,  there  is  here  a  second  handicap  inherent  in  the  equipment,  which  puts  extraction  by 
mills  in  an  inferior  position. 

On  the  contrary,  when  it  is  desired  to  extract  in  one  operation  the  whole  of  the  sugar  con- 
tained in  cane  or  bagasse,  this  is  effected  no  longer  by  pressure,  but  by  physical  extraction 
by  heat,  by  "diffusion",  as  is  the  case,  for  example,  in  the  analysis  of  cane  or  bagasse  in 
the  laboratory.  The  chemical  control  in  the  factory  is  based  on  the  fact  that  this  method  of 
extraction  permits  of  extracting  100°7o  of  the  sugar  contained  in  the  sample  analysed. 

DIFFUSION 

Diffusion  is  the  phenomenon  by  which  two  solutions  of  different  concentrations  located  side 
by  side  or,  for  example,  separated  by  a  membrane,  exchange  by  osmosis  across  the  mem- 
brane. If  it  is  a  case  of  two  solutions  of  the  same  substance,  the  exchange  takes  place  until 
the  concentration  is  the  same  on  each  side  of  the  membrane. 

This  assumes  that  the  membrane  is  permeable  in  relation  to  the  substance  dissolved.  If 
there  are  two  or  more  substances  in  solution,  the  membrane  may  be  permeable  to  the  solvent 
and  to  certain  substances,  and  impermeable  to  others;  it  is  then  described  as  semi-permeable. 
This  is  the  case  to  a  certain  extent  with  the  cell  walls  of  the  sugar-beet;  when  certain  organic 
constituents  are  removed  from  them  by  heat,  they  allow  sucrose  to  pass  more  readily  than 
certain  salts.  This  is  why,  with  sugar-beet,  the  diffusion  juice  has  a  purity  higher  than  that 
of  the  normal  beet  juice. 

In  the  sugar  factory,  diffusion  is  therefore  the  phenomenon  by  which  the  cells  of  the  beet 
or  the  cane,  immersed  in  water  or  a  solution  of  lower  concentration  than  the  juice  which  they 
contain,  give  up  to  that  water  or  to  that  solution  a  part  or  all  of  the  sugar  forming  the  excess 
of  concentration  of  their  juices. 

Laws  of  diffusion 

We  shall  express  these  laws  by  adopting  the  same  mode  of  explanation  as  Dubourg1.  It  is 
evident  that  the  area  of  contact  between  the  material  to  be  extracted  and  the  extracting  liquid 
has  a  prime  importance  in  diffusion.  The  material  is  therefore  divided  into  small  pieces:  slices 
or  cossettes  with  beet,  or  chips  with  cane.  Another  factor  is  obviously  the  difference  in  con- 
centration between  the  juice  in  the  cossette  and  that  in  the  liquid.  It  appeared  logical  to  Fick 
to  suppose  that  the  extraction  from  the  cossette  operates  according  to  the  law: 

ft=-ba  %  (23,) 

s        =  quantity  of  sugar  contained  in  the  material  to  be  exhausted 
t         =  time 

ds/dt  =  weight  of  sugar  lost  by  the  material  in  unit  time,  at  the  moment  under  consideration 

b        =  coefficient  depending  on  temperature 

Q       =  surface  area  of  the  cossettes  or  chips  exposed  to  diffusion 
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dy/d/=  gradient  of  the  concentration  along  the  line  of  exhaustion  /. 
If  we  assume  for  example  that  the  cossette  is  cylindrical  and  very  long,  we  shall  have: 

dy  _Z  -  y 
dl        \r  • 

Z  =  concentration  of  sugar  in  the  cossette 
y    =  concentration  of  sugar  in  the  liquid  surrounding  it 
r   =  radius  of  the  cylinder  forming  the  cossette. 
Neglecting  the  ends,  the  area  of  the  cossette  is: 

Q  =  2nrL 

L  =  length  of  the  cossette. 
Whence: 

dt  r 

But: 

s  =  7rr2  L  •  Z 

Hence: 

^  =  _  Sb(z  -  y)  =  -a(Z-  y)  (23.2) 
at  r2 

a  =  coefficient  depending  on  the  dimensions  (r)  of  the  cossettes  and  on  the  temperature. 
A.  Fixed  extraction 

Let  us  assume  the  cossettes  or  chips  are  placed  in  a  cylindrical  vessel  closed  at  the  base  by 
a  perforated  sheet.  If  we  seek  to  exhaust  them  by  spraying  with  water,  the  upper  layer  would 
be  better  exhausted  since  it  would  profit  by  a  greater  difference  in  concentration.  We  should 
have  for  it  (y  =  0): 

dZ  „ 

—  =  -aZ 

dt 

If  the  flow  of  water  is  constant,  the  quantity  W  consumed  is: 


W  =  kt,    or   d  W  =  k  •  dt 
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and: 


dZ 


dZ 


=  -Uw 


AW 


Z 


k 


Z  =  Z0  e-tow 


(23.3) 


Zo  =  initial  concentration  in  the  cossettes. 

Experimental  values  of  the  coefficient  a  show  that,  in  order  to  reach  a  low  concentration 
Z,  a  very  high  and  prohibitive  quantity  of  water  W  would  be  required. 

B.  Counter-current  extraction 

Accordingly,  diffusion  is  always  carried  out  in  a  counter-current  manner.  We  shall  assume 
that  it  is  carried  out  in  a  pipe  or  tower  (Fig.  23.1),  and  that  the  cossettes  or  chips  are  introduc- 
ed at  the  bottom  and  the  water  at  the  upper  end.  The  exhausted  pulp  or  bagasse  will  leave 
at  the  top  and  the  juice  obtained  will  be  removed  at  the  bottom.  Let  us  consider  the  level 
N,  situated  at  a  distance  /  from  the  bottom,  and  an  adjacent  level  N ' .  If,  at  TV,  the  concentra- 
tion in  the  cane  chips  is  Z  and  that  of  liquid  is  y,  the  respective  concentrations  at  N'  will 
then  be  Z  +  dZ  andy  +  Ay.  We  shall  seek  to  establish  an  expression  for  the  variations  in 
concentration  from  one  end  of  the  tube  to  the  other. 

We  shall  suppose,  as  is  always  at  least  approximately  true,  that  the  weight  of  the  cane  chips 
does  not  vary  in  the  course  of  the  operation:  water  is  substituted  for  the  juice  in  the  cane 
in  approximately  equivalent  quantities,  in  such  a  way  that  the  weight  of  exhausted  bagasse 
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♦ 


y  +  dy 


y 
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Z 


Z  +  dz 
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dl 


L 


B 
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Fig.  23.1.  Counter-current  extraction. 
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is  approximately  equal  to  the  weight  of  cane  chips;  and  consequently  the  weight  of  juice 
removed  is,  to  a  close  approximation,  equal  to  that  of  the  water  introduced. 

Assuming  that  conditions  are  steady,  we  write  that  the  weight  of  sugar  entering  the  section 
NH  of  the  tube  is  equal  to  the  weight  leaving: 

AZ  =  Qy  +  At 

whence: 

A  (Z  -  e)      Z  -  e 


Q  Q 

A 


(23.4) 


e       =  sugar  %  of  the  exhausted  bagasse 

A       =  weight  of  cane  feed,  in  kg/h  (Ib./h) 

Q       =  weight  of  diffusion  juice  obtained,  in  kg/h  (Ib./h) 

Q/A  -  ratio  of  weight  of  diffusion  juice  to  weight  of  cane. 

This  ratio,  which  is  termed  the  "draft",  plays  an  important  role  in  diffusion.  We  shall 
designate  it  by  q: 

Draf  —  Q  -  weight  of  diffusionjuice  obtained  ^  ^ 

A      weight  of  cane  or  bagasse  subject  to  diffusion 

We  have  then: 

y  =  —  (23.6) 
q 

On  the  other  hand  (eqn.  (23.2)); 

dZ  =   ~ai,Z~  y)  dt 

Substituting  for  y: 

dZ  =  -~[Z(q-  1)  +  e]  dt  (23 J) 

Q 

We  have  also: 

A  =  S  v  w . 

A 


S  =  cross-section  of  tube,  in  m2  (sq.ft.) 

v   =  speed  of  movement  of  the  bagasse  in  the  tube,  in  m/h  (ft./h) 
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w A  =  apparent  density  of  the  bagasse  in  the  tube,  in  kg/m3  (lb./cu.ft.) 
a^is  a  measure  of  the  degree  of  packing  of  the  material  in  the  apparatus. 
Hence: 


-  dtt  -  S  <j)a 


and: 


and  putting: 


dZ  =  -a  ■  — —  [Z  (q-  1)  +  e]  dl 

q  A 


a  S  a)A 
A 

-  «  =  -Ad/ 

Z  (q  -   1)  +  e  q 

Integrating: 

log  [Z  (q  -  1)  +  e]  =  --^  1  •  A/  +  constant 

Q 

Taking  /  =  0,  we  have: 

constant  =  loge  [Z0  (q  -  1)  +  e] 
Zo  is  sugar  %  of  the  material  at  its  entrance  to  the  apparatus.  Hence: 

e  Z0       -   1)  +  e  <7 

or: 

- 1 


ZQ  (q  -   1)  +  e 
At  the  upper  extremity  of  the  tube,  z  =  e;  thus: 


(23.8) 


(23.9) 


Z{q      l)  +  e  =  a/  (23.io) 


 ^   =  e-?"'**-  o  al  (23.11) 

Zo  (^  -  1)  +  e 
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Z0  (9  -  1)  e-"''1"-  ])AL 

Q  -  e-^' (23.12) 

This  expression  shows  that  the  extraction  will  improve,  that  is  to  say,  e  will  become 
smaller,  as  the  absolute  value  of  the  exponent  of  e  becomes  greater.  As  it  contains  3  factors: 

(a)  The  draft  q  should  be  made  as  high  as  possible.  With  cane  it  is  often  of  the  order  of 
1.05-1.10,  but  sometimes  drops  to  1  and  below. 

(b)  The  coefficient  of  diffusion  A  should  be  as  high  as  possible.  It  depends  mainly  on  a, 
which  increases:  (1)  with  temperature,  but  a  limit  is  soon  reached  here,  due  to  the  risk  of  in- 
version; temperature  is  accordingly  maintained  between  65  and  75°C  (150  and  170°F);  and 
(2)  with  the  fineness  of  the  cane  chips  or  the  pieces  of  bagasse.  A  also  depends  on  the  degree 
of  packing  u  ,  but  a  limit  is  soon  reached  in  this  respect  by  the  permeability  of  the  bagasse 
layer,  and  we  must  be  content  with  avoiding  channelling,  that  is,  the  presence  of  voids  or 
channels  in  the  mass.  A  will  depend  finally  on  S/A,  but  this  ratio  is  also  fixed  within  fairly 
narrow  limits  by  the  conditions  of  residence  time  and  time  of  contact. 

(c)  The  length  L  of  the  apparatus  in  which  diffusion  is  carried  out  should  be  as  long  as 
possible.  We  can  in  fact  work  on  this  condition,  but  must  exercise  caution,  since  the  residence 
time  and  consequently  risk  of  inversion  increase  with  the  length  of  path.  We  may  comment 
moreover  that  this  factor  is  to  a  great  extent  identical  with  the  time  factor  (cf.  eqn.  (23.8)). 


DIFFUSION  AND  LIXIVIATION 

In  the  preceding  paragraphs  we  have  used  the  term  "diffusion"  without  comment.  We  have 
defined  diffusion  (p.  359)  as  a  phenomenon  of  osmosis.  This  is  correct  with  beet;  in  cane, 
however,  the  cell  membrane,  even  when  its  colloids  have  been  removed  by  heat,  is  particular- 
ly resistant  to  osmotic  effects.  In  cane  diffusion,  the  fraction  of  sugar  extracted  by  true  diffu- 
sion, that  is,  by  osmosis,  is  very  slight,  being  of  the  order  of  3%,  for  example;  it  would  re- 
quire a  considerable  and  prohibitive  time  to  extract  all  the  sugar  by  this  means  alone.  Extrac- 
tion is  actually  effected  by  means  of  rupture  of  the  cells,  and  by  washing  of  the  broken  cells 
by  the  water  or  juice  in  contact  with  them.  The  term  "diffusion"  is  therefore  incorrect  if 
understood  in  the  proper  sense  of  transfer  by  osmosis;  it  becomes  more  accurate  if 
understood  in  the  sense  of  exchange  between  phases  of  different  concentration  in  free  contact 
(the  term  is  used  in  this  sense,  for  example,  in  the  experiments  of  Berthollet  on  the  "diffu- 
sion" of  gases);  but  the  operation  described  as  diffusion  in  the  cane  factory  is  actually  one 
of  lixiviation,  of  washing,  resembling  imbibition  in  the  mills  much  more  closely  than  the 
method  of  extraction  utilised  in  the  beet  factory. 

Moreover,  most  of  the  laws  of  osmotic  diffusion  apply  to  lixiviation,  only  the  coefficients 
for  time  and  efficiency  being  changed;  and  we  shall  proceed  with  this  chapter  and  continue 
to  use  the  term  "diffusion"  while  simply  pointing  out  here  the  meaning  to  be  given  to  this 
term. 

The  foregoing  comments  demonstrate  the  importance  of  preparation  in  cane  diffusion;  ex- 
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traction  depends  to  a  great  extent  on  the  proportion  of  cells  broken  and  on  the  freedom  of 
access  of  the  extracting  liquid  to  the  cells. 

On  the  other  hand,  while  diffusion  of  beet  permits  of  an  improvement  in  purity  due  to 
the  superior  permeability  for  sucrose  relative  to  that  for  impurities,  with  cane  the  gain  in 
purity  will  be  much  smaller,  since  the  lixiviation  extracts  sucrose  and  impurities  to  a  similar 
extent. 


BATCH  DIFFUSION  AND  CONTINUOUS  DIFFUSION 

Diffusion  of  beet  has  long  been  operated  in  batch  diffusers.  The  diffusion  was  carried  out 
essentially  in  the  vertical  direction,  as  indicated  by  the  tube  in  Fig.  23.1.  Since  the  length, 
in  this  case  the  necessary  height,  was  very  large  (of  the  order  of  30  m  (100  ft.)),  this  vertical 
tube  was  divided  into  9,  12  or  14  sections,  in  other  words,  into  9,  12  or  14  adjacent  batch- 
diffusion  vessels;  one  of  these  would  be  filling  and  one  emptying,  and  the  others  would  be 
connected  so  as  to  act  as  the  necessary  height  (Fig.  23.2,  after  Dubourg). 


J  Water 

T  Cossettes 


Fig.  23.2.  Batch  diffusion. 


This  arrangement  was  first  adopted  with  cane  in  Egypt. 

Due  to  the  complications  of  the  equipment  (valves,  rolls  and  piping)  and  of  operations  in 
such  diffusion  batteries,  as  well  as  to  the  success  of  continuous  diffusers,  the  latter  type  has 
completely  displaced  the  batch  diffuser.  This  change  took  place  at  the  time  when  cane  fac- 
tories were  becoming  interested  in  diffusion,  and  today  the  only  diffusers  installed,  whether 
for  cane  or  for  beet,  are  the  continuous  diffusers  which  we  shall  study  later. 

Continuous  diffusers  themselves  may  be  subdivided  into  two  types: 

(a)  Those  which  are  strictly  continuous  in  operation,  or  diffusers  of  uninterrupted  flow, 
for  which  the  term  continuous  may  be  understood  in  the  mathematical  sense  of  the  word; 
exhaustion  in  these  follows  a  regular  and  continuous  exponential  curve  (Fig.  23.3). 

(b)  Diffusers  operating  in  stages,  for  which  the  exhaustion  curve  is  replaced  by  a  succession 
of  steps,  the  extraction  taking  place  stage  by  stage  (Fig.  23.4). 

"Megasse".The  spent  bagasse  leaving  the  diffuser,  before  being  pressed,  is  saturated  with 
water,  its  water  content  being  of  the  order  of  85%  or  reduced  to  70  -  80%  by  pressure  rollers. 
It  is  thus  a  material  very  different  from  the  bagasse  leaving  the  mills,  and  particularly  final 
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Fig.  23.3  True  continuous  diffusion  -  extraction  graph. 


Fig.  23.4.  Stepwise  "continuous"  diffusion.  Extraction  graph. 


bagasse,  which  contains  45  -  50%  of  moisture.  We  shall  designate  it  henceforth  by  the  term 
"megasse";  this  is  an  old  name  which  was  used  many  years  ago  as  a  synonym  for  bagasse 
and  which  we  shall  revive  here  in  order  to  avoid  confusion  with  the  material  leaving  the  mill- 
ing plant. 


There  are  two  ways  of  extracting  sucrose  from  cane  by  diffusion. 

The  first  is  pure  diffusion  or  diffusion  of  cane.  It  consists  of  operating  in  a  manner  com- 
pletely analogous  to  that  with  beet;  the  cane  is  prepared  and  broken  up  into  small  pieces  by 
means  of  knives,  shredder,  or  disintegrator,  and  is  then  sent  to  the  diffuser.  The  prepared 
cane  retains  its  full  weight  and  still  contains  all  its  sugar.  If  the  factory  is  treating  100  t.c.h. 
at  14%  sugar  content,  the  100  tonnes  of  cane  and  the  14  tonnes  of  sugar  pass  to  the  diffuser. 

The  second  method  is  diffusion  after  mills,  or  diffusion  of  bagasse.  The  cane,  prepared 
as  for  milling,  goes  first  into  a  mill  (in  exceptional  cases,  two  mills),  which  extracts  as  much 
juice  as  possible,  say  65-70%  of  its  sugar  content.  It  is  the  bagasse  from  this  mill  which 
is  sent  to  the  diffuser;  the  diffuser  thus  receives  only  30-35%  of  the  sugar  in  the  cane,  and 
the  weight  of  bagasse  is  perhaps  40  tonnes  per  100  tonnes  of  cane.  This  method  of  bagasse 
diffusion  is  based  on  the  idea  that,  while  it  is  very  expensive  to  employ  4,  5  or  6  mills  to  ex- 
tract 94  -  96%  of  the  sugar  in  cane,  it  is  a  much  more  payable  proposition  to  employ  one 
mill  to  extract  70%;  the  extraction  of  70%  by  one  mill  is  three  or  four  times  superior  to  that 
of  16-23%  for  each  mill  of  the  train.  Furthermore: 

(a)  Passage  of  the  cane  through  a  first  mill  with  coarse  grooving  conveniently  completes 
the  preparation  of  the  cane  for  diffusion. 

(b)  Losses  by  inversion  and  fermentation  during  diffusion  no  longer  act  on  the  whole  of 
the  sugar  content  of  the  cane  but  only  on  30%  of  it. 

(c)  The  diffuser  can  be  greatly  shortened,  since  the  material  treated  no  longer  contains  say 
14%  of  sugar  but  only  4%,  i.e.  30%  of  the  original  sugar  in  cane.  It  may  indeed  be  further 
shortened,  since  a  slightly  lower  extraction  (as  a  proportion  of  this  remaining  30%)  may  be 
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tolerated:  if  it  is  desired  to  obtain  the  same  percentage  of  extraction  in  the  diffuser  (97%, 
for  example)  as  in  the  former  case,  the  total  extraction  would  be: 

70%  +  (30  X  0.97)%  =  99% 

a  value  which  is  found  by  experience  to  be  otherwise  unobtainable.  However,  in  order  to  ob- 
tain 97%  overall,  it  would  be  sufficient  to  obtain  an  extraction  in  the  diffuser  of  90%,  since: 

70%  +  (30  x  0.90)<%  =  97% 

We  have  thus  a  much  shorter  and  simpler  diffuser,  and  we  are  justified  in  seeking  a  higher 
extraction. 

On  the  other  hand,  the  width  and  cross-section  of  the  diffuser  will  be  practically  the  same 
as  in  the  case  of  cane  diffusion,  since  the  quantity  of  fibre  introduced  is  the  same  and  the 
affinity  of  bagasse  for  liquid  causes  it  to  absorb  juice  until  its  juice  content  is  similar  to  that 
in  the  original  cane;  thus  an  equivalent  weight  of  material  passes  along  the  diffuser.  In  other 
words,  on  entering  the  diffuser,  the  bagasse  re-absorbs  a  quantity  of  juice  equal  to  that  ex- 
tracted by  the  mill  and  takes  this  juice  with  it  along  the  diffuser;  it  is  from  this  material  and 
from  this  juice  that  the  extracting  liquid  flowing  in  the  opposite  direction  has  to  remove  the 
remaining  sugar.  There  is,  however,  a  slight  saving  in  the  lateral  dimensions  of  the  diffuser, 
since  the  extraction  sought  is  less,  and  a  higher  speed  of  transit  and  a  shorter  time  in  the  dif- 
fuser may  be  tolerated;  hence  a  slightly  narrower  diffuser  may  be  used. 

In  both  cases,  whether  diffusion  of  cane  or  of  bagasse,  the  megasse  cannot  be  left  as  such; 
the  cane-sugar  factory  requires  fuel  and  it  is  quite  impossible  to  burn  megasse,  on  account 
of  its  high  water  content.  It  is  therefore  necessary  in  any  case  to  press  this  megasse  in  order 
to  remove  the  excess  juice.  A  new  and  special  type  of  press  such  as  the  French  (Fig.  23.18) 
may  be  used,  as  in  Hawaii;  this  uses  an  Archimedean  screw  to  force  the  megasse  through 
a  space  of  decreasing  cross-section.  However,  most  factories  which  install  diffusion  already 
possess  some  mills,  and  the  simplest  procedure  is  to  pass  the  megasse  through  one  or  two 
mills.  If  the  rollers  are  oversize,  one  mill  could  be  sufficient.  Otherwise  two  mills  are  general- 
ly necessary  to  reduce  the  megasse  from  85%  to  about  48%  moisture,  in  other  words,  to  con- 
vert it  to  ordinary  bagasse,  which  can  be  burnt  in  the  boiler  furnaces. 

We  see  then  that  cane  diffusion  will  require  normally: 

2  sets  of  knives  +  1  shredder  +  1  long  diffuser  +  2  mills 

whereas  bagasse  diffusion  will  require: 

2  sets  of  knives  +  1  shredder  +  1  mill  +  1  short  diffuser  +  2  mills 

Retention  time  in  a  cane  diffuser  is  obviously  greater  than  that  in  a  bagasse  diffuser.  The 
difference  is  some  10  minutes. 
We  shall  discuss  later  (p.  397)  the  economic  aspect  of  these  two  methods. 
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TYPES  OF  DIFFUSION 

The  diffusion  processes  which  can  claim  at  present  (1982)  to  have  a  place  in  the  world  sugar 

industry  are  the  following: 

de  Smet 

B.M.A. 

Silver 

Saturne 

F.S.  van  Hengel 
de  Smet  diffusion 

Description.  The  de  Smet  diffuser  (Fig.  23.5)  consists  of  a  long  tank  enclosing  a  horizontal 
conveyor  on  which  the  prepared  cane  or  bagasse  is  placed  as  a  layer  of  uniform  thickness. 
Throughout  its  travel  from  one  end  of  the  tank  to  the  other,  this  layer  is  copiously  irrigated 
with  the  extraction  liquid.  Below  the  conveyor,  the  bottom  of  the  tank  consists  of  11  or  17 
adjacent  trays  which  receive  the  juice  which  has  traversed  the  layer  of  material.  Of  these 
trays,  9  or  15  are  active  and  2  spares.  The  length  of  the  trays  in  the  direction  of  travel  of 
the  conveyor  is  2.1  m  (7  ft.). 


325  85  35  85  85  30 


Fig.  23.5.  De  Smet  diffuser.  Material  balance. 

The  conveyor  extends  the  full  length  of  the  diffuser.  The  apron  of  the  conveyor  consists 
of  a  grille  of  stainless  steel,  which  allows  the  juice  to  pass.  A  pump  takes  the  juice  collected 
on  each  tray  and  returns  it  to  a  distributor  placed  above  the  preceding  tray  or  the  next  tray 
behind  it,  in  such  a  way  that  the  juice  moves  backwards  from  tray  to  tray,  from  the  bagasse 
discharge  end  to  the  bagasse  entry  end.  There  is  thus  a  counter-current  extraction.  The  last 
tray  at  the  megasse  discharge  end  is  situated  below  the  first  liquid  distributor,  which  receives 
fresh  water.  The  first  hopper  at  the  bagasse  entry  end  is  followed  by  a  compartment  which 
receives  the  diffusion  juice  which  has  traversed  the  megasse  layer  9  or  15  times.  From  that 
compartment,  the  last  pump  in  the  series  takes  part  of  the  juice  and  returns  it  through  one 
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or  two  heaters  to  the  hopper  which  receives  the  cane  or  bagasse  at  the  entrance  to  the  dif- 
fuser.  The  surplus  of  this  juice,  not  heated,  is  sent  to  manufacture,  the  flow  being  controlled 
by  the  level  of  juice  in  the  compartment. 

At  the  outlet  from  the  diffuser,  a  tumbler  drops  the  megasse  onto  an  elevator  which 
transports  it  to  the  bagasse  mill  or  mills.  The  thin  juice  from  that  mill  is  returned  to  the  first 
tray  situated  below  the  entry  of  the  imbibition  water. 

In  order  to  reduce  the  number  of  stuffing  boxes  and  thus  reduce  leakage  of  juice,  the 
pumps  are  arranged  in  groups  of  three  on  the  one  shaft  and  driven  by  the  same  motor. 

If  there  is  an  interruption  to  the  supply  to  the  diffuser,  the  pump  may  be  stopped;  this  is 
a  big  advantage  of  electric  drive  over  other  forms  of  drive.  Thus  one  can  avoid  flooding  the 
diffuser  and  interrupting  the  percolation. 

Types.  There  are  2  types  of  de  Smet  diffuser: 

(a)  The  TS  type,  for  bagasse  diffusion:  a  short  diffuser,  generally  with  9  hoppers,  35.8  m 
(118  ft.)  in  length 

(b)  The  TN  type,  for  cane  diffusion:  a  long  diffuser,  generally  with  15  juice  hoppers,  48.3 
m  (158  ft.)  in  length. 

In  both  types,  the  bagasse  layer  may  be  1  -2  m  (3  -7  ft.)  in  thickness,  normally  1.80  m 
(6  ft.),  on  which  thickness  the  nominal  capacity  of  the  diffuser  is  calculated.  The  mechanical 
limit  for  filling  is  2.20  m  (7j  ft.),  but  a  thickness  of  2  m  (7  ft.)  should  not  be  exceeded. 

At  equal  capacity,  the  width  is  the  same  for  the  two  types.  The  width  of  the  conveyor  band 
is  normally  25  mm  (1  in.)  per  t.c.h.  A  TS  type  may  be  readily  converted  to  a  TN  diffuser 
of  the  same  capacity. 

There  is,  on  the  other  hand,  an  important  difference  in  the  two  systems  of  circulation.  In 
the  TS  type  the  total  flow  of  juice  is  pumped  from  one  tray  up  to  the  preceding  tray,  whereas 
in  the  TN  type  the  juice  is  divided  into  two  equal  streams,  one  of  which  traverses  the  layer 
on  the  even-numbered  trays  and  the  other  that  on  the  odd-numbered  trays.  The  latter  circula- 
tion system  would  be  particularly  suitable  for  fine  preparation,  such  as  is  obtained  with  a 
shredder.  By  fine  preparation,  de  Smet  means  those  giving  an  LP,  of  more  than  80. 

Zones.  Three  zones  are  distinguished  along  the  diffuser: 

(a)  The  scalding  or  heating  zone,  of  about  3-4  m  (10-13  ft.) 

(b)  The  recirculation  zone,  which  follows,  3.5  (TS)  or  1.5  m  (TN)  (11.5  or  5  ft.)  in  length 

(c)  The  diffusion  zone,  which  occupies  15  (TS)  or  20  m  (TN)  (50  or  65  ft.). 

Power.  The  installed  power  is  of  the  order  of: 

(a)  TS:  1.8  kW/t.c.h.  (2.4  h.p./t.c.h.)  for  a  diffuser  of  100  t.c.h.,  descending  to  1.6  (2.1) 
for  one  of  250  t.c.h. 

(b)  TN:  2  kW/t.c.h.  (2.6  h.p./t.c.h.)  for  a  diffuser  of  100  t.c.h.,  reducing  to  1.8  (2.4)  for 
one  of  250  t.c.h. 

The  power  consumed  is  10-15%  lower. 

Steam  consumption.  The  steam  used  is  at  105°C  (223°F),  or  0.2  kg/cm2  (3  p.s.i.)  gauge. 
Assuming  the  cane  is  at  30°C  (85°F)  and  the  imbibition  water  at  50°C  (122°F),  we  may 
reckon: 
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For  heating  For  treatment  of  total 

recirculation  water 

TS:  25  kg/t.c.  (  55  lb./t.c.)     20  kg/t.c.  (44  lb./t.c.)  45  kg/t.c.  (  99  lb./t.c.) 

77V:  74  kg/t.c.  (163  lb./t.c.)     20  kg/t.c.  (44  lb./t.c.)  94  kg/t.c.  (208  lb./t.c.) 

For  the  TS  type,  the  steam  consumption  for  the  heating  circuit  is  influenced  by  the  first- 
mill  extraction.  For  an  extraction  of  55%,  this  is  approximately  30  kg/t.c.  (66  lb./t.c);  for 
65%  extraction,  20  kg/t.c.  (44  lb./t.c). 

Automation.  Between  the  prepared-cane  conveyor  and  the  diffuser,  for  the  TN  type,  or 
between  the  first  mill  and  the  diffuser  for  the  TS,  the  prepared  cane  or  the  bagasse  passes 
over  a  continuous  weigher;  the  weight  so  registered  controls  the  addition  of  water  and  the 
flow  of  the  circulation  pumps  of  the  diffuser,  so  controlling  the  added  water  or  draft. 

The  temperatures  of  heating  and  of  diffusion  are  controlled  thermostatically.  A 
temperature  of  70  -  75°C  (160  -  170°F)  is  maintained  for  heating,  and  care  is  taken  to  main- 
tain the  temperature  along  the  diffuser  between  75  and  72°C.  In  diffusers  furnished  with 
agitation  screws  (see  below),  a  temperature  of  80°C  (175°F)  is  sometimes  maintained,  with 
the  object  of  decreasing  the  risk  of  infection  at  those  positions.  Heating  of  the  recirculation 
water  is  then  not  employed,  as  this  is  sufficient  to  suppress  infection  apart  from  the  screws. 
The  diffusion  juice  is  sent  to  manufacture  at  the  same  temperature  (70-75°C). 

The  conveyor  operates  at  variable  speed,  with  hydraulic  or  mechanical  drive.  The  move- 
ment is  continuous.  The  speed  v  of  the  apron  may  be  regulated  from  0.24  to  0.90  m/min 
for  the  TS,  generally  0.65  m/min  (2.1  ft./min);  and  from  0.24  to  0.70  for  the  TN,  generally 
0.65  m/min. 

Agitation  screws.  The  surface  of  the  bagasse  bed  tends  to  become  compacted  and  so  lose 
its  permeability.  With  the  object  of  avoiding  this,  some  factories  instal  at  one  or  two  points 
on  the  length  of  the  diffuser  a  transverse  set  of  vertical  conveyors  in  the  form  of  Archimedian 
screws.  The  rotation  of  these  screws  has  the  object  of  agitating  the  bagasse  in  order  to  prevent 
compacting  of  the  surface.  This  operation  is  tending  to  be  more  widely  used. 

Residence  time.  Typical  time  for  passage  of  the  bagasse  through  the  diffuser  is: 

(a)  TS:  30-45  min;  for  juice,  20-30min 

(b)  TN:  for  bagasse,  55-65  min;  for  juice,  25-35  min. 

Drainage  time  at  the  end  of  the  diffusion  is  7  min.  The  surface  area  of  the  megasse  layer 
presented  to  the  juice  in  zones  (a)  and  (b)  indicated  above  (p.  370)  is  0.1  mVt.c.h.  (1 
sq.ft. /t.ch.)  for  each  of  the  two  zones. 

Bulk  density.  Bulk  density,  reckoned  on  the  weight  of  cane  only,  is  of  the  order  of 
550-600  kg/m3  (35  -37  lb./cu.ft.).  The  density  of  the  layer  of  cane  and  percolating  juice 
together  is  of  the  order  of  570-620  (36-39),  generally  600  kg/m3  (37  lb./cu.ft.). 
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Fig.  23.6.  De  Smet  diffuser.  brix  variation  along  the  diffuser.  (1)  TNC  diffuser;  (2)  TSC  diffuser. 

TABLE  23.1 

DE  SMET  BAGASSE  (TS-TYPE)  DIFFUSERS 


EXTRACTION  DE  SMET  -  BAGASSE  DIFFUSERS 

TYPE  TS 

20  c 

25  c 

30  c 

35  c 

40  c 

45  C 

50  c 

55  c 

60  C 

65  c 

70  c 

75  c 

80  c 

85  c 

90  c 

CAPACITY 

METRIC 
TONS/DAY 

2000 

2500 

3000 

3500 

4000 

4500 

5000 

5500 

6000 

6500 

7000 

7500 

8000 

8500 

9000 

PRINCIPAL 
OVERALL 
DIMENSIONS 

WIDTH  M 
FT 

2.800 
9.2 

3.300 
10.7 

4.200 
13.8 

4.700 

15.4 

5.200 
17 

5.700 
18.7 

6.200 
19.6 

6.700 
22 

7.200 
23.6 

7.700 
25.3 

8.200 
26.9 

8.700 
28.6 

9.200 
30.2 

9.700 
31.8 

10.900 
35.7 

LENGTH 

35.8  M  -  118  FT 

39.5  M  -  130  FT 

HEIGHT 

ABOUT  8  METRES  -  25  FT 

INSTALLED 
POWER 

AT  FULL 
CAPACITY 

APPROX  100  HP  /  1000 TONS/DAY 

APPROX  90  HP  / 1  000 TONS/DAY 

STEAM 
CONSUMPTION 

KG/TON 
OF  CANE 

80-85 

DE  SMET  CANE  (TN-TYPE)  DIFFUSERS 


EXTRACTION  DE  SMET  -  CANE  DIFFUSERS 

TYPE  TN 

20  c 

2Sc 

30  c 

35  c 

40  C 

45  C 

50  C 

55  C 

60  c 

65  c 

70  c 

75  c 

80  c 

85  c 

90  c 

CAPACITY 

METRIC 
TONS^DAY 

2000 

2500 

3000 

3500 

4000 

4500 

5000 

5500 

6000 

6500 

7000 

7500 

8000 

8500 

9000 

PRINCIPAL 
OVERALL 
DIMENSIONS 

WIDTH  M 
FT 

2.800 
9.2 

3.300 
10.7 

4.200 
13.8 

4.700 
15.4 

5.200 
17 

5.700 
18.7 

6.200 
19.6 

6.700 
22 

7.200 
23.6 

7.700 
25.3 

8.200 
26.9 

8.700 
28.6 

9.200 
30.2 

9.700 
31 .8 

10.900 
35.7 

LENGTH 

48.3  M  -  1 58  FT 

52  M  -  1 71  FT 

HEIGHT 

ABOUT  8  METRES  -  25  FT 

INSTALLED 
POWER 

AT  FULL 
CAPACITY 

APPROX  1  10  HP/ 1000 TONS/DAY 

APPROX    100  HP  /  1000  TONS/DAY 

STEAM 
CONSUMPTION 

KG/TON 
OF  CANE 

100-105 
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Capacity.  The  de  Smet  diffusers  are  made  in  the  dimensions  given  in  Table  23.1,  which 
indicates  the  corresponding  capacities.  A  scheme  of  circulation  is  given  in  Fig.  23.6. 

Cane  preparation.  For  preparation  of  the  cane  to  go  to  the  diffuser,  de  Smet  recommends: 

(a)  TS:  For  diffusion  of  bagasse:  two  sets  of  knives  at  500-600  r.p.m.,  the  second  being 
at  20-mm  (|-in.)  pitch.  It  is  desirable  that  the  extraction  of  the  mill  should  be  at  least  60%, 
and  there  is  no  disadvantage  if  the  extraction  reaches  65%  or  better. 

(b)  77V:  For  diffusion  of  cane:  as  for  TN,  with  the  addition  of  a  shredder  provided  with 
a  means  of  adjusting  the  clearance  between  the  hammers  and  anvil. 

Water  for  heating.  This  may  be  reckoned  as:  for  TS,  5-10  times  weight  of  bagasse;  for 
TN,  4-5  times  weight  of  cane.  Draft  is  generally  of  the  order  of  100-  105%  on  cane.  If  it 
exceeds  110,  addition  of  water  is  unnecessary. 

Height  of  layer.  The  thickness  of  the  bed  of  bagasse  is  an  important  element,  as  influencing 
the  extraction.  When  the  thickness  varies  from  its  minimum  practical  value  of  the  order  of 
1.4  m  (55  in.)  up  to  2  m  (78  in.),  the  extraction  for  the  various  thicknesses  remains  practically 
constant;  the  pol  lost  in  the  bagasse  %  on  cane  will  remain,  for  example,  in  the  range 
0.25  — 0.27%.  At  equal  capacity,  and  for  heights  of  layer  from  1.4  to  2  m,  the  corresponding- 
ly longer  time  of  contact  compensates  for  the  detrimental  influence  of  the  thickness  of  the 
bed.  In  practice,  the  equipment  will  normally  be  operated  at  about  1.8  m  (70  in.),  without 
exceeding  2  m  (78  in.). 

Imbibition  of  the  megasse.  The  supply  of  imbibition  water  is  controlled  by  the  input  of 
cane  or  bagasse  by  means  of  a  continuous  weigher  installed  on  the  conveyor  to  the  diffuser. 

The  pumps  taking  the  juice  from  below  the  diffuser  return  it  to  the  trays  above  the  diffuser 
and  feed  it  to  the  preceding  compartment  (or  the  one  ahead);  the  pipes  end  in  a  gutter  notch- 
ed at  both  sides  in  a  saw-tooth  pattern,  which  diverts  the  juice  part  to  one  tray  and  part  to 
the  next,  giving  a  good  distribution  over  the  layer  of  megasse. 

The  rate  of  percolation  of  the  juice  through  the  bagasse  bed  depends  largely  on  the  state 
of  preparation,  and  is  limited  in  practice  by  the  flow  through  the  grille  supporting  the  bagasse 
layer.  The  grille,  of  stainless-steel  mesh,  is  supported  on  corrugated  stainless-steel  sheet  with 
perforations  along  the  troughs  of  the  corrugations.  This  serves  to  reduce  resistance  to  flow 
at  this  point.  The  perforations  are  square,  8x8  mm  (0.3  in.).  These  grilles  normally  have 
32%  of  open  space,  but  one  recent  model  has  provided  slots,  giving  a  figure  of  57%.  The 
bagasse  supported  by  the  corrugated  sheet  thus  provides  zones  of  lower  packing  correspon- 
ding to  the  troughs  of  the  corrugations,  which  serve  the  role  of  collectors  to  drain  the  juice 
towards  the  perforations.  This  type  of  grille  has  allowed  an  appreciable  increase  in  the  rate 
of  percolation.  The  time  of  passage  of  the  liquid  through  the  bagasse  bed  is  of  the  order  of 
2.5-3.5  min.  This  corresponds  to  a  speed  of  percolation  of  0.70  m/min  (2.3  ft./min),  thus 
of  the  same  order  as  the  speed  v  of  movement  of  the  conveyor.  The  rates  of  percolation  ob- 
tained are: 

TS:  14-25  m3  per  m2  of  filtering  surface  per  hour,  averaging  17-18  (55-59  cu.ft./ 
sq.ft./h) 
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77V:  7-15  mVmVh,  or  an  average  of  12  (39  cu.ft./sq.ft./h). 
These  grilles  are  made  in  widths  of  900,  1,200,  1,350 or  1,500  mm  (35,  47,  53  or  59  in.),  accor- 
ding to  the  capacity  of  the  diffuser.  They  are  supported  by  frames  of  the  same  width,  which 
divide  the  length  of  the  conveyor  into  appropriate  sections.  They  move  forward  on  rollers 
extending  the  full  length  of  the  diffuser,  which  attains  10.9  m  (35.7  ft.)  in  the  largest  models. 
The  frames  are  of  articulated  construction,  and  the  grilles  are  flexible. 

Cleaning  of  the  grilles  is  achieved  by  means  of  mobile  jets  of  water  situated  just  after  the 
discharge  position,  some  30  cm  (1  ft.)  from  it.  They  give  a  turbulent  tangential  jet,  acting 
from  below  and  delivering  the  bagasse  particles  towards  the  opposite  side  where  they  are 
readily  picked  up  by  the  pump. 

Treatment  of  juices  from  bagasse  mill.  The  thin  juices  from  the  final  mill  are  screened, 
and  heated  to  103°C  (217. 5°F).  Their  pH  is  about  5.5;  after  passage  through  a  holding  tank, 
they  are  limed  to  a  pH  of  7.5  -  8.2,  settled,  and  cooled  to  75°C  (170°F)  for  return  to  the  dif- 
fuser. It  is  essential  to  avoid  pumping  juices  after  adding  lime  before  their  entry  to  the  sub- 
sider.  This  precaution  is  necessary  to  obtain  good  decantation,  so  that  the  clarified  thin  juices 
do  not  present  problems  of  percolation  in  the  diffuser.  Addition  of  a  flocculant  before  pass- 
ing to  the  subsider  is  normally  not  necessary. 

It  is  important  to  treat  the  expressed  juice  in  the  minimum  of  time,  hence  to  have  a  settler 
of  minimum  volume.  The  settler  should  have  a  surface  area  of  0.20  mVt.c.h.  (2.2 
sq.ft./t.c.h.). 

It  is  possible  to  dispense  with  the  clarification  of  these  thin  juices  and  to  send  them  directly 
to  the  diffuser  at  75°C  (170°F)  on  condition  that  they  are  distributed  over  two  or  three 
neighbouring  hoppers.  This  procedure,  however,  avoids  the  pasteurisation  of  the  juices 
which  is  effected  in  the  subsider,  and  so  involves  some  risk  of  infection  in  the  diffuser. 

When  the  diffuser  is  fitted  with  vertical  agitating  screws,  these  thin  juices  are  introduced 
at  that  point. 

Addition  of  lime.  Liming  is  effected  by  a  light  addition  of  milk  of  lime  in  the  second  com- 
partment from  the  discharge  end  of  the  diffuser,  and  may  be  completed  towards  the  middle 
of  the  diffuser:  in  the  sixth  or  seventh  compartment  from  the  discharge  for  the  TS  type,  or 
the  tenth  for  the  TN.  It  is  important  to  carry  out  the  diffusion  at  pH  6-6.5,  and  especially 
not  to  exceed  7.  De  Smet  accepts  the  range  of  5.8-6.5,  which  we  think  is  going  too  low. 
We  consider  that  the  pH  should  not  be  allowed  to  go  below  6.  A  value  of  6  -  6.5  is  obtained 
by  addition  of  the  thin  juice  at  pH  7  after  decantation  and  by  the  addition  of  milk  of  lime 
at  the  second  compartment. 

Advantages.  The  de  Smet  diffusion  offers  the  following  advantages: 

(a)  Grille  of  the  conveyor  is  very  effective. 

(b)  Good  visibility  of  what  is  happening  in  the  interior  of  the  diffuser. 

(c)  Opportunity  to  take  samples  of  juice  from  each  section  along  the  length  of  the  diffuser. 

B.M.A.  diffusion 

B.M.A.  diffusers,  while  similar  to  de  Smet  in  general  design  (Fig.  23.7),  posess  some  distinc- 
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tive  features.  They  are  employed  for  sugar  extraction  from  both  bagasse  and  cane.  The 
bagasse  diffuser  was  introduced  into  the  cane  sugar  industry  with  the  first  generation  of  dif- 
fusers  before  1977. 

B.M.A.  bagasse  diffusers  (Fig.  23.8)  and  cane  diffusers  (Fig.  23.9)  consist  of  a  horizontal, 
rectangular  trough  fitted  with  a  bottom  screen.  A  system  of  specially  designed  chains  with 
variable-speed  drive  serves  to  convey  the  feed  through  the  diffuser.  Essential  features  of 
B.M.A.  diffusers  are  the  two  rows  of  lifting  screws  in  the  front  and  middle  extraction  zones, 
which  are  designed  to  improve  juice  percolation,  and  a  low-pressure  pre-dewatering  unit  ar- 
ranged in  the  dewatering  zone. 


Fig.  23.7.  B.M.A.  diffuser. 

 ST  E  AM 


JUICE  PUMPS 


Fig.  23.8    Flow  diagram  of  B.M.A.  bagasse  diffusion. 
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Fig.  23.9.  Flow  diagram  of  B.M.A.  cane  diffusion. 


Dimensions.  B.M.A.  bagasse  and  cane  diffusersare  subject  in  their  dimensions  to  the  pro- 
cess parameters: 

(1)  The  length  of  the  trough,  47.25  m  (155  ft.)  and  61.25  m  (200  ft.),  and  the  number  of 
percolation  stages  (8  and  12)  are  determined  by  the  extraction  times  of  36  and  48  min,  respec- 
tively. 

(2)  The  megasse  layer  thickness  of  1.35  m  (4.5  ft.)  and,  consequently,  the  height  of  the 
trough  are  determined  by  the  percolation  conditions. 


TABLE  23.2 

CHARACTERISTICS  OF  B.M.A.  DIFFUSERS 


Bagasse  Cane 
processing  processing 


Extraction  time  (min)  36  48 

Percolation  stages  8  12 

Layer  thickness  (m)  1.35  1.35 

(ft)  4.5  4.5 

Linear  speed  (m/min)  1  1 

(ft/min)  3.3  3.3 

Extraction  length  (m)  36.0  48.0 

(ft)  118  157 

Trough  length  (m)  47.25  61.25 

(ft)  155  200 
Processing  rate  at  15%  fibre 

(t/h)  70  /200  /400  70  /200  /400 
Diffuser  width  (m)                    2.0/  6.0/12.0       2.0/  6.0/12..0 

(ft)  6.6/19.6/39  6.6/19.6/39 

Driver  power  (kW)  10.5/28.0/56.0  13.0/35.5/70..0 
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(3)  The  width  ofthe  trough  is  determined  by  the  processing  capacity.  B.M.A.  diffusers  can 
be  supplied  in  19  different  widths  between  2  (6.6  ft.)  and  12  m  (39  ft.),  the  rule  of  thumb 
being  25  mm  trough  width  per  tonne  of  cane  per  hour. 

Details  are  shown  in  Table  23.2. 


The  megas.se  layer  thickness  can  be  varied  between  1  and  1 .5  m  (3.3  -  5.0  ft.)  and  the  linear 
speed  between  0.5  and  1.5  m/min  (1.5-5.0  ft./min). 

Juice  trays  for  draught  juice,  heating  juice  and  recirculation  juice  are  provided  below  the 
bottom  screen  (stainless-steel  plate,  8  mm  conical  perforations)  (see  Table  23.3). 

Operation.  The  feed  enters  the  diffuser  at  ambient  temperature  and  is  heated  to  an  extrac- 
tion temperature  of  75°C  (167°F)  by  means  of  juice  previously  heated  in  heat  exchangers  to 
a  temperature  of  90  — 93°C  (194-  199°F;  with  vapour  or  exhaust  steam. 

The  extraction  temperature  is  maintained  at  a  constant  level  by  heating  steam  blown  into 
the  space  below  the  bottom  screen. 


TABLE  2.1.3 


[ITC'P  QI'AS  ]  ITI}->  Of   B.M.A.  DIFFUSERS 


Draught  juice  on  cane! 
Healing  juice  ("i  on  cane) 
Recirculation  juice  (u;<  on  cane" 


Bagasse  Cane 
processing  professing 


45a 
300 
106 


105  -  \\2 
360 
1 12 


55°i  juice  on  cane  lias-  already  beer  pressed  Iron:  the  feet  by 
upMieair  mill  so  Ilia  ihi_  quaniilv  of  mi\ec  juice  is  appro*  \00a:t 
on  cane. 


The  megasse  in  the  diffuser  contains  approx.  83%  water.  Prior  to  discharge  from  the  drf- 


l-'ig  23.10.  Interior  view  of  a  B.M.A.  diffuser  Vcrtica.  slirrine  screws. 
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f user  by  the  rotating  discharger,  the  water  content  is  reduced  to  approx.  76%  by  the  large 
water-filled  low-pressure  dewatering  roller  which  is  a  characteristic  feature  of  B.M.A.  dif- 
fusers.  Final  bagasse  dewatering  to  approx.  5(Wc  proceeds  in  conventional  multi-roller  mills. 

The  press  water  (40  -  50°/a  on  cane)  is  added  to  the  megasse  bed  in  front  of  the  second  row 
of  lifting  screws  (Fig.  23.10  and  23.11)  without  having  undergone  any  extra  treatment. 


Fig.  23.11    B.M.A.  diffuse r  View  froir  above  Screw  molorheads 
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The  pH  is  maintained  at  a  mean  value  of  6.5  by  adding  milk  of  lime  (controlled 
automatically)  in  the  front  and  middle  diffuser  sections.  Figures  23.12  and  23.13  show  the 
variation  of  brix  and  pH  along  the  diffuser,  for  bagasse  and  cane  diff users,  respectively. 

Apart  from  being  cleaned  mechanically,  the  chains  in  a  B.M.A.  diffuser  are  washed  with 
part  of  the  imbibition  water  which  is  subsequently  added  to  the  megasse  bed  together  with 
the  remaining  water. 

The  total  energy  required  to  drive  all  the  units  of  a- B.M.A.  diffuser  installation  (diffuser, 
screws,  discharger,  pumps,  mill  and  intermediate  carrier)  is  approx.  6.1  kW  per  tonne  of  cane 
per  hour  when  processing  bagasse,  and  approx.  4.4  kW  per  tonne  of  cane  per  hour  when  pro- 
cessing cane. 

Comparison  with  mills.  The  energy  required  by  a  bagasse  and  cane  diffuser  installation 
is  approx.  40  and  50%,  respectively  of  the  energy  a  mill  train  of  comparable  capacity  would 
require. 

The  total  steam  consumption  of  factories  using  diffuser  installations  is  5-10%  higher 
than  that  of  factories  with  conventional  mill  trains;  this  is  particularly  due  to  a  high  juice 
draught  when  the  highest  possible  extraction  figures  are  sought. 

B.M.A.  (also  a  manufacturer  of  mills)  estimate  the  capital  cost  for  a  diffuser  installation 
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Fig.  23.12.  B.M.A.  bagasse  diffuser.  Variation  of  the  brix  along  the  diffuser. 
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at  65%  of  the  cost  for  an  installation  with  five  mills,  including  conveyors  and  pumps.  It 
should  be  noted  that  a  major  portion  of  the  foundations  required  for  the  mills  can  be  dispens- 
ed with.  The  same  applies  to  the  buildings,  as  diffusers  are  normally  located  outdoors. 
Maintenance  costs  may  be  reckoned  as  40-78%  of  the  costs  for  a  comparable  mill  train. 

B.M.A.  point  out  that  less  wax  and  starch  are  extracted  from  the  feed  when  applying  the 
extraction  process  in  question  and  that  less  filter  cake  is  produced.  This  accounts  for  a  slight 
extra  gain  in  the  general  sugar  balance.  Reference  is  made  to  Dalton,  South  Africa,  where 
5%  filter  cake  on  cane  produced  with  mill  extraction  was  reduced  to  2.5%  on  cane  with  a 
diffuser. 

Silver  diffusion 

The  Silver  diffuser  is  also  derived  from  the  de  Smet  type.  To  sum  up,  the  diffuser  is  a  de 
Smet  unit  formed  into  a  ring  and  thus  cylindrical  in  shape  instead  of  a  parallelepiped.  This 
diffusion  process,  however,  displays  its  originality  not  so  much  in  the  diffuser  as  in  the  ef- 
forts made  to  break  as  completely  as  possible  with  the  classical  methods  of  extraction,  name- 
ly, knives  and  mills.  Though  the  items  of  equipment  used  are  very  recent,  they  have  often 
attained  their  object  and  are  very  interesting.  Their  evolution  merits  some  consideration,  and 
certain  of  them  are  likely  to  compel  attention  in  the  near  future. 
The  Silver  diffusion  is  mainly  designed  for  diffusion  of  cane. 

Description.  On  account  of  the  originality  of  the  accessories  of  the  diffuser,  to  which  we 
have  just  referred,  we  shall  describe  a  complete  Silver  diffusion  process  such  as  has  been 
realised  in  the  typical  installation  at  Pioneer  (Hawaii),  although  theoretically  the  diffuser 
could  be  installed  without  its  accessories  of  preparation  and  dewatering.  We  shall  distinguish 
then: 

(A)  Preparation  of  the  cane 

(B)  Diffuser  proper 

(C)  The  dewatering  of  the  megasse. 

A.  Cane  preparation.  The  cane  passes  first  through  a  very  rudimentary  set  of  knives,  carry- 
ing only  nine  blades  in  three  rows  of  three,  set  120°  apart,  thus  leaving  23  cm  (9  in.)  between 
the  9  respective  circles  of  cut,  and  set  at  75-100  mm  (3-4  in.)  from  the  carrier  apron.  This 
device  scarcely  contributes  anything  to  the  preparation  and  has  the  sole  object  of  facilitating 
feeding  of  the  following  equipment.  The  cane  thus  partially  cut  passes  over  a  magnetic 
separator  to  protect  the  following  preparators  against  large  pieces  of  iron  which  may  be  pre- 
sent in  the  cane. 

The  cane  then  arrives  at  the  "buster"  (Fig.  23.14).  This  is  a  hammer  mill,  or  shredder, 
rotating  at  1,150  r.p.m.  It  is  fed  by  two  feeding  rollers,  rotating  at  about  120  r.p.m.,  and 
fitted  with  pins  20  mm  (fin.)  in  diameter,  and  100  mm  (4  in.)  in  length;  these  throw  the  cane 
into  the  buster.  The  hammers,  placed  in  4  rows,  tear  the  cane  and  pass  it  through  a  grille 
formed  of  circumferential  bars  connected  by  horizontal  anvil  bars.  This  gives  a  cane  coarsely 
shredded,  in  pieces  of  7.5-  15  cm  (3  —  6  in.)  in  length. 

It  is  then  picked  up  by  an  elevator,  and  at  this  moment  receives  pulverised  lime,  conveyed 
and  distributed  by  compressed  air,  or  milk  of  lime,  for  the  liming  before  diffusion,  to  which 


382 


DIFFUSION 


Ch.  23 


we  will  return  later.  The  elevator  drops  the  prepared  cane  into  the  "fiberiser"  (Fig.  23.15). 
This  is  a  second  hammer  mill,  resembling  the  classical  shredders  more  closely,  fed  by  a 
feeding  roller  similar  to  the  upper  roller  of  the  cane  buster,  and  rotating  at  the  same  speed, 
but  smooth.  The  fiberiser  hammers,  similarly  placed  in  4  rows,  achieve  the  shredding  by 
scraping  the  pieces  of  cane  against  a  toothed  cylindrical  plate.  It  rotates  similarly  at  1,150 
r.p.m.  and  furnishes  shredded  cane,  containing  a  large  proportion  of  long  detached  fibres. 

This  material  is  picked  up  again  by  an  elevator  and  a  belt  conveyor  on  which  it  is  weighed 
by  means  of  a  gamma-ray  cell,  which  controls  the  speed  of  the  rollers  feeding  the  cane  buster. 
It  is  then  conveyed  to  the  diffuser  and  distributed  along  the  first  compartment  of  the  diffuser. 


Fig.  23.14.  Silver  diffusion.  Cane  buster.  Fig  23.15.  Silver  diffusion.  Fiberiser. 


B.  The  diffuser.  The  diffuser  (Fig.  23.16)  consists  of  a  moving  annular  vessel  of  approx- 
imately 2.5  m  (8  ft.)  in  height,  consisting  of  two  concentric  cylinders,  the  inner  one  being 
of  about  60%  smaller  diameter  than  the  outer.  This  annular  corridor  is  supported  both  on 
the  inside  and  on  the  outside  by  wheels  running  on  circular  rails  (Fig.  23.17);  radial  arms  con- 
nect it  with  a  central  shaft;  it  is  rotated  by  means  of  two  hydraulic  jacks  acting  successively 
on  36  arms  rigidly  attached  to  the  outer  wall  at  10°  intervals.  The  bottom  consists  of  a  plate 
with  perforations  in  "honeycomb"  pattern,  13  mm  in.)  in  diameter,  giving  very  large 
drainage  area. 

Seen  in  plan,  the  diffuser  shows  inside  this  annular  corridor: 

(1)  The  wall  alongside  which  the  prepared  cane  is  deposited,  and  the  device  for  distributing 

it. 

(2)  2  recirculation  troughs,  occupying  together  15°. 

(3)  16  troughs  for  distribution  of  extraction  juice,  each  occupying  15°  of  the  cir- 
cumference. 

(4)  \  similar  trough  for  receiving  and  distributing  the  thin  juices. 
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(5)  1  similar  trough  for  receiving  and  distributing  the  first  extraction  water. 
In  all,  20  troughs  occupying  285°. 

(6)  3  pairs  of  vertical  screw  conveyors  placed  side  by  side,  standing  against  the  fixed  wall 
which  closes  the  end  of  the  corridor;  the  screws  of  each  pair  rotate  in  opposite  directions  and 
the  exhausted  megasse  meets  the  screws  and  is  picked  up  by  them,  elevated  above  the  megasse 
bed  and  distributed  into  a  horizontal  screw  conveyor.  This  takes  it  out  to  a  belt  conveyor. 
A  vertical  plate,  suitably  curved,  encloses  the  screws  and  prevents  the  megasse  from  falling 
back  into  the  interior  of  the  diffusion  space.  A  scraper  blade  scrapes  the  bottom  plate  and 
guides  the  lowest  layer  of  megasse  into  the  lower  turns  of  the  screws. 

(7)  A  fixed  and  empty  compartment  occupying  15°,  separating  the  entry  and  exit  walls, 
across  the  full  width  of  the  corridor,  the  purpose  of  this  being  to  give  a  definite  separation 
between  the  points  of  entry  of  the  fresh  shredded  cane  and  the  removal  of  the  exhausted 
megasse. 

Below  the  moving  corridor  (Fig.  23.17)  there  is  a  fixed  annular  tank  of  the  same  width, 


Fig.  23.17.  Silver  diffuser  -  vertical  half-section. 
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divided  into  19  trays  for  receiving  the  juice  which  has  percolated  through  the  megasse  bed. 
The  bottom  of  these  is  inclined  towards  the  outside,  and  the  juice  which  collects  is  removed 
by  an  equal  number  of  pumps  which  return  it  to  the  distribution  trough  displaced  by  30°  or 
45°  to  wards  the  cane  entry.  In  the  Pioneer  diffuser,  the  position  of  the  distributors  may  be 
displaced  by  32°.  In  later  installations,  there  are  only  two  positions  possible:  one  corresponds 
to  a  displacement  corresponding  to  exactly  one  distribution  trough,  the  other  to  a  complete 
recycling,  through  the  tray,  of  its  own  juice.  The  latter  position  is  used  in  the  event  of  an 
interruption  to  cane  supply2. 

Recirculation  of  juice  immediately  after  the  entry  of  cane  to  the  diffuser  is  employed  as 
with  the  de  Smet  system,  this  juice  being  re-heated  to  80°C  (180°F)  by  bled  vapour.  This 
recirculation  has  the  object  of: 

(a)  Bringing  the  cane  immediately  to  a  suitable  temperature 

(b)  Assuring  a  good  distribution  of  the  lime,  and  making  the  mass  homogeneous 

(c)  Relieving  any  packing  effect 

(of)  Screening  the  diffusion  juice  before  removing  it. 
Returning  the  various  juices  to  a  tray  45°  ahead  has  three  results: 

(a)  The  juice  applied  to  the  megasse  bed  and  percolating  through  it  is  returned,  not  only 
into  the  next  tray  to  that  from  which  it  is  collected,  but  into  the  preceding  one 

(b)  Consequently,  its  course  is  partially  divided  into  two  and  thus  shortened;  hence,  a 
shorter  time  of  the  juice  in  the  diffuser 

(c)  The  difference  between  the  concentration  of  the  megasse  and  the  extraction  juice  is 
slightly  increased. 

On  the  other  hand,  this  displacement  of  returned  juice  short-circuits  the  diffusion  to  a  cer- 
tain extent. 

The  moving  annulus  slides  along  the  upper  plates  carrying  the  distribution  troughs,  and 
along  the  lower  tank  containing  the  juice  trays  with  a  circular  joint,  liquid-tight  to  vertical 
juice  flow  (Fig.  23.17). 

C.  Dewatering.  The  exhausted  megasse  contains  about  86%  water3.  The  original  diffusion 
installation  at  Pioneer  provided  three  different  methods  of  dewatering  this  megasse: 

(a)  Mills.  Part  of  the  megasse  was  fed  without  difficulty  into  the  last  two  mills  of  the  old 
tandem. 

(b)  Cone-press.  A  second  portion  of  the  megasse  was  passed  through  a  press  designed  and 
constructed  by  Silver  (Fig.  23.18):  it  consisted  of  two  cones  of  perforated  metal  plate  1  m 
(3ft.)  in  diameter  with  apical  angle  of  170°,  with  their  axes  horizontal  and  converging,  and 
close  together  at  one  position,  i.e.  with  two  generatrices  situated  in  the  common  axial  plane, 
parallel  to  each  other  and  close  together.  The  megasse  was  introduced  into  the  open  space, 
and  the  cones  in  rotating  compressed  it  into  the  narrow  space  between  these  two  generatrices. 
The  cones  rotated  at  3  r.p.m.  and  gave  a  bagasse  of  45%  moisture.  The  output  corresponded 
to  15  t.c.h.  and  the  power  consumed  was  about  3  kW/t.c.h.  (4  h.p./t.c.h.).  It  seems  that 
this  is  the  device  which  has  the  greatest  future  and  which  could  lay  claim  to  replacing  the 
dewatering  mills.  It  is  the  device  recommended  by  Silver  and  Dorr -Oliver. 
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Silver  manufactures  cane  presses  in  3  sizes: 

1,575  mm  (62  in.)  for  14.9  t.f.h. 
1,981  mm  (78  in.)  for  22.6  t.f.h. 
2,388  mm  (94  in.)  for  33.8  t.f.h. 

I'  is  commented  that  two  1,575-mm  (62-in.)  presses  cosi  slightly  less  than  one  2,388- 
(94- in. J  press. 


Fig.  23.18.  Silver  uonc  press. 


(c)  French  press.  Finally,  the  megasse  leaving  the  diffuser  could  equally  well  be  sent  to  a 
third  type  of  press.  This  is  a  screw  press  forcing  the  megasse  to  pass  through  a  decreasing 
area  and  reducing  it  to  a  moisture  of  about  48%  (Fig.  23.19). 

Materials  balance.  The  materials  balance  of  the  Silver  diffusion  is  completely  similar  to 
that  of  the  de  Smet  TN  (Fig.  23.20). 

Thickness  of  bed.  Silver  recommends  operation  with  a  thick  bed,  of  1.2  -  1.8  m  (4  -6  ft.): 
in  this  he  holds  the  opposite  view  to  de  Smet.  The  packing  factor  is  of  the  order  of  [yo  -  320 
kg/m3  (12-20  lb. /cm ft.). 

The  thickness  of  the  bed  may  be  regulated  by  means  of  the  speed  of  rotation  of  the  dif- 


386 


DIFFUSION 


Ch.  23 


Fig.  2.1,19   French  press  (opened). 


fuser.  For  a  1.5  m  (5  ft.)  depth  of  bed,  the  percolation  rate  is  about  245  -  295  l/m2/min(S  -6 
gal. /sq.ft. /min). "  The  rate  of  percolation  for  the  Suchen:  diffusion  at  Louisa  in  Louisiana1 
is  400-410  1/mVmin  (10  U.S.  gallons/sq.ft./min). 

Residence  time.  This  is  given  as  about  60  in  in  for  the  cane,  hence  40  —  50  min  for  the  diffu- 
sion process;  the  time  for  the  juice  is  of  the  order  of  20  min. 

Temperatures.  The  recirculation  heats  the  cane  to  80°C  (180°F)  at  its  entry  to  the  dilTuscr. 
The  make-up  heaters  prevent  the  temperature  from  falling  below  70°  (160°)  during  diffusion, 
and  maintain  it  between  70  and  73°  (160  and  165°).  The  thin  juices  are  raised  to  80°C  before 
introduction  to  the  diffuser.  The  diffusion  juice  leaves  at  about  65°C  (150°F).  All  these 
temperatures  are  thermostatically  controlled  and  maintained. 

The  juices  are  heated  by  vapour  bled  from  the  multiple  effects.  Part  of  this  heating  is  ef- 
fected by  direct  injection  of  vapour,  either  in  the  extraction  water,  or  in  the  course  of  the 
diffusion,  by  two  injectors. 

Liming.  The  delicate  problem  of  liming  in  the  diffusion  has  been  resolved  by  Silver  in  the 
following  way:  the  lime  is  added,  either  as  powdered  lime,  or  in  the  form  of  milk  of  lime, 
between  the  cane  buster  and  the  fiberiscr.  or  before  the  cane  buster,  in  the  ratio  of  about 
0.8  kg  (1.8  lb.)  CaO  per  tonne  of  cane. 

At  the  entry  to  the  diffuser,  the  recirculation  assures  a  good  mixture  of  the  lime.  The  pH 
in  the  diffuser  would  be  approximately  6.5,  and  the  diffuser  juice  leaves  at  a  pH  in  the 
neighbourhood  of  7  (6.8  -7.3).  The  thin  juice  from  the  press  would  then  have  a  pH  of  the 
order  of  6.5,  the  lime  addition  being  regulated  so  that  it  does  not  fall  below  that  limit. 
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Treatment  of  thin  juices.  The  thin  juices  obtained,  either  with  the  French  press,  the  cone 
press,  or  with  dewatering  mills,  are  screened  successively  by  2  DSM  screens  with  bars  spac- 
ed at  1.5  mm  (j^in.),  without  any  addition  of  lime  or  fiocculant,  and  are  then  re-heated  to 
65-85°C  (150-  185°F)  and  sent  to  a  subsider  (Fig.  23.20).  The  clear  juice  leaving  this  sub- 
sider  goes  to  the  second  last  juice  trough  before  the  megasse  removal  screws,  which  is  the 
last  liquid  addition  except  that  of  water.  The  mud  from  this  subsider  is  granular  and  settles 
rapidly;  the  ordinary  Oliver  filtration  does  not  handle  it  satisfactorily  and  it  is  necessary  to 
feed  the  mud  near  the  top  of  the  filter  drum.  The  filter  cake  would  contain  only  0.5%  of 
sugar. 

Trials  made  in  the  attempt  to  dispense  with  this  treatment  of  the  thin  juices  have  shown 
that  the  materials  which  they  contain  in  suspension  are  retained  by  the  upper  layer  of  the 
megasse  bed  and  appreciably  decrease  the  speed  of  juice  percolation.  The  treatment  is  thus 
useful. 

Power.  Power  consumption  for  the  whole  installation  is  given  as  follows: 


kWit.c.h. 

(h.p./t.c.h.) 

Knives: 

0.5 

(  0.7  ) 

Cane  buster: 

5.8 

(  7.8  ) 

Fiberiser: 

4.2 

(  5.6  ) 

Diffuser  -  Rotation: 

0.03 

(  0.05) 

Screws: 

0.5 

(  0.7  ) 

Horizontal  bagasse  conveyor: 

0.03 

(  0.05) 

French  press: 

4.5 

(  6.1  ) 

Total: 

15.5 

(21.0  ) 

The  cone  press  would  consume  about  3  kW/t.c.h.  (4  h.p./t.c.h.),  instead  of  4.5  for  the 
French  press. 

For  comparison,  extraction  by  mills  would  require,  for  knives,  shredders  and  5  mills, 
about  14-15kW/t.c.h.  (18  -  19  h.p./t.c.h.). 

For  the  diffuser,  however,  if  the  cane  buster  and  the  fiberiser  are  driven  by  electric  motors 
(they  may  of  course  be  driven  by  steam  turbine),  the  whole  of  the  power  requirement  is  elec- 
trical, whereas  the  greater  part  of  the  power  demanded  for  the  milling  plant  is  generally  pro- 
vided by  steam  engines  or  turbines.  It  follows  that  an  existing  factory,  in  which  the  mill  drives 
are  not  electrical,  which  is  changing  to  a  diffusion  with  accessories  of  the  Silver  type,  should 
have  available  at  its  power  house  about  3-4  kW/t.c.h.  (4-5  h.p./t.c.h.)  more  than 
previously.  If  the  mills  were  electrically  driven,  the  saving  would  on  the  other  hand  be  equal 
to  10  or  12%. 

Steam  consumption.  The  steam  consumption  for  the  heaters  and  steam  injectors  is  of  the 
order  of  4  —  5%  on  cane,  but  much  of  this  requirement  can  be  provided  by  bleeding  from 
the  multiple  effects. 
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Maintenance.  Estimates  by  manufacturers  and  users,  of  the  maintenance  costs  for  the 
complete  diffusion  equipment,  with  its  special  accessories,  vary  between  25  and  45%  of  the 
corresponding  expenses  for  a  milling  tandem.  If  use  and  experience  confirm  a  figure  within 
this  range,  this  would  be  an  important  argument  in  favour  of  this  diffusion  system  and  its 
accessories. 

Accessories. We  have  drawn  attention  to  the  originality  of  the  accessory  equipment  for 
cane  preparation  and  particularly  for  dewatering  of  megasse.  These  are  not  indispensable, 
and  it  would  be  quite  possible  to  adopt  the  more  normal  equipment  which  we  have  discussed 
with  reference  to  de  Smet  and  B.M.A.  In  particular,  with  clean  cane,  the  cane  buster  could 
very  well  be  replaced  by  a  set  of  knives  with  close  clearance.  In  the  same  way,  a  standard 
shredder  would  give  very  much  the  same  result  as  the  fiberiser,  although  the  latter  equipment 
appears  to  be  a  success  and  could  compete  advantageously  with  standard  types  of  shredder. 

Finally,  the  dewatering  could  be  effected  by  one  or  two  mills. 

Moreover,  the  Eldorado  factory  in  Mexico  has  converted  to  the  Silver  diffusion  process 
while  retaining  precisely  these  standard  devices  for  preparation  and  dewatering. 

Clarification.  The  diffusion  juice  leaving  the  diffuser  is  sent  directly  to  the  evaporators. 
Elimination  of  the  main  clarification  station  is  thus  another  point  to  be  credited  to  Silver. 
The  purity  of  the  juice  is  slightly  lower  than  that  of  the  clarified  juice  obtained  from  the  same 
cane  by  means  of  mills  and  a  standard  clarification,  but  it  is  slightly  superior  to  that  of  the 
mixed  juice  leaving  the  mills  in  the  latter  case.  In  other  words,  part  of  the  purity  rise  obtained 
by  standard  clarification  methods  is  lost.  However,  it  is  quite  possible  that  this  loss,  which 


TYPES  OF  DIFFUSION 


389 


is  small,  may  be  partially  or  totally  compensated  by  the  fact  that  inversion  losses  taking  place 
in  the  clarification  are  avoided,  in  particular  those  occurring  during  week-end  stops.  For  a 
new  factory,  economy  in  space  and  investment  is  in  any  case  attractive. 

Material  of  construction.  The  metal  of  the  Silver  diffuserin  contact  with  juices  is  stainless 
steel.  This  precaution  would  seem  superfluous  on  account  of  the  preliminary  liming,  and 
equipment  in  ordinary  steel  would  be  less  expensive. 

Sizes,  The  Silver  diffuser  is  offered  in  8  sizes,  as  given  in  Table  23.4. 

Advantages  and  disadvantages 

A.  Advantages.  The  Silver  diffusion  process  offers  the  following  advantages: 

(a)  Reduced  maintenance  costs  if  Silver  or  French  presses  are  adopted 

(b)  Supplementary  saving  in  power  in  the  same  case 

(c)  Possible  elimination  of  the  normal  clarification. 

B,  Disadvantages 

(a)  The  Silver  diffusion  is  specially  designed  for  diffusion  of  cane.  If  it  were  desired  to  use 
diffusion  of  bagasse,  it  would  be  hardly  suitable  and  it  would  be  desirable  to  re-design  it  for 
this  purpose,  with  a  smaller  number  of  compartments. 

(b)  As  with  any  cane  diffusion  process,  it  does  not  permit  payment  according  to  sugar  con- 
tent as  determined  by  sampling  of  primary  juice  or  first  expressed  juice.  It  would  be  necessary 
to  convert  to  a  system  of  direct  analysis,  and  this  may  be  contrary  to  existing  regulations. 

(c)  Adoption  of  the  recommended  accessories  presents  no  difficulty  when  building  a  new 
factory,  but  constitutes  a  complete  rearrangement  of  the  whole  extraction  plant  for  an  ex- 
isting factory.  These  accessories,  however,  may  be  ruled  out  and  the  normal  equipment  for 
cane  preparation  and  bagasse  dewatering  retained. 

(d)  There  is  also  the  necessity  to  provide  approx.  4  kW/t.c.h.  (5  h.p./t.c.h.)  extra  from 
the  power  house,  in  order  to  suit  the  demands  of  the  diffuser  accessories,  if  the  mills  replaced 
are  not  electrically  driven. 


TABLE  23.4 


SERIES  OF  SILVER  PIFFUSERS 


Diameter 
(ft.  and  in. )  (m) 


Capacity 
(t.c.h.) 


Power  requirement 

(diffuser  only) 
(kW)  (h.p.) 


29  ft. 

35  ft. 

40  ft. 

46  ft. 

52  ft 

58  ft. 

64  ft. 

70  ft. 


10  in. 
8  in. 
6  in. 
4  in. 
2  in. 


2  in. 


8.89 
10.67 

12.45 
14.22 
16 

17.78 
19.56 
21.34 


42 
61 
84 
107 
138 
168 
206 
244 


92 
142 
188 
246 
276 
373 
415 
535 


123 
190 
251 
329 
369 
498 
554 
714 
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(e)  The  circular  form  of  the  diffuser  does  not  permit  of  adding  further  compartments  and 
distributing  troughs  in  order  to  allow  for  an  eventual  increase  in  capacity.  However,  the 
number  provided  (18)  is  generously  designed  and  permits  a  certain  flexibility. 

(/)  The  circular  arrangement  theoretically  has  an  inherent  disadvantage:  the  distribution 
of  juice  from  a  trough  should  be  proportional  to  the  weight  of  bagasse  which  receives  it,  and 
hence  the  flow  of  juice  from  the  trough  should  vary  in  proportion  to  the  radius  measured 
from  the  vertical  axis  of  the  diffuser.  This  is  not  readily  arrranged  for  all  possible  rates  of 
flow.  It  follows  that  the  extraction  is  liable  to  vary  along  the  radius. 

Similarly,  it  is  difficult  to  distribute  the  prepared  cane  evenly  in  a  uniform  layer. 

Conclusion.  In  spite  of  these  disadvantages,  the  Silver  diffusion  is  a  success  mechanically 
and  seems  to  give  good  results,  with  extractions  exceeding  97  and  sometimes  approaching  98. 
It  would  appear  particularly  that  the  system  has  shown  how  to  avoid  or  reduce  losses  by 
fermentation  and  inversion.  The  results  recorded  seem  to  indicate  that  the  gain  in  extraction 
is  indeed  found  in  the  overall  recovery,  in  the  sugar  leaving  the  factory. 

Furthermore,  certain  accessories  for  cane  preparation  and  bagasse  dewatering,  such  as  the 
fiberiser  and  the  cone  press,  once  put  into  operation,  could  demonstrate  certain  advantages 
and  become  general. 

Rotocell.  In  Venezuela  a  diffuser  under  the  name  of  Rotocell6  has  been  installed;  it 
resembles  the  Silver  system  but  the  vessel  receiving  the  megasse  is  divided  into  compartments. 
It  also  gives  a  more  convenient  discharge  of  the  exhausted  material:  at  the  end  of  its  travel, 
the  bottom  of  the  compartment  opens  and  drops  the  exhausted  megasse. 

Compaction  and  percolation.  The  three  types  of  diffusers  described  are  all  of  similar 
design,  following  the  pattern  of  de  Smet. 

There  are  two  factors  which  play  an  important  part  in  this  type  of  diffuser,  which  are  inter- 
related. These  are  the  degree  of  compaction  of  the  material,  expressed  as  weight  of  fibre  per 
unit  volume,  and  the  speed  of  percolation;  the  latter  factor  characterises  the  efficiency  of 
operation  of  the  equipment  and  depends  to  a  great  extent  on  the  degree  of  compaction.  In 
this  type  of  diffuser,  the  weight  of  fibre  per  mJ  varies  generally  between  60  and  80  kg/m3 
(4-5  Ib./cu.ft.).  Above  80  kg/m3,  the  speed  of  percolation  falls  sharply  and  thus  produces 
flooding:  the  juice  does  not  penetrate  quickly  enough  and  forms  a  pool  on  the  surface. 

The  speed  of  percolation  varies  from  0.15  to  0.35  m/min  (6-  14  in./min);  it  is  often  held 
between  0.20  and  0.25  m/min  (8  and  10  in./min).  It  varies  in  inverse  ratio  to  the  degree  of 
compaction,  but  depends  also  on  other  factors,  particularly  the  fineness  of  preparation.  If 
fine  preparation  is  carried  too  far,  the  rate  of  percolation  falls  and  can  reach  the  point  of 
causing  flooding.  In  the  same  way,  the  thickness  of  the  bed  plays  a  part.  As  it  increases,  the 
layers  at  the  bottom  undergo  a  greater  degree  of  compaction  on  account  of  the  weight  of 
the  upper  layers. 

Flooding  occurs,  for  example,  with  a  given  degree  of  preparation,  at  the  percolation  rates 
as  shown  for  different  degrees  of  compaction: 


TYPES  OF  DIFFUSION 


391 


Compaction  Percolation 
(kg/m3)       (IbJcu.ft.)       (m/min)  (in./min) 

60  3.7  0.4  15 

70  4.4  0.25  10 

80  5.0  O  _  1  S  7 

Shredded  cane  compacts  rather  more  readily  than  cane  treated  with  knives. 

With  the  slower  percolation,  and  the  longer  time  taken  for  the  juice  to  traverse  the  bed, 
it  will  be  seen  that  the  flow  of  the  juice  follows  a  smaller  angle  with  the  horizontal  as  its  rate 
of  flow  decreases.  This  angle  also  varies  from  the  head  of  the  diffuser  to  the  discharge  end. 
It  may  be,  for  example,  57°  at  the  first  tray,  38°  at  the  second,  and  14°  when  leaving  the 
third  tray.  It  follows  that  the  rate  of  percolation  determines  the  tray  into  which  the  juice  is 
discharged  into  the  canal  below.  The  juice  coming  from  tray  n  will  not  deliver  into  tray  n 


Fig.  23.21.  Saturne  diffuser. 
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-  1  except  for  a  given  rate  of  percolation  and  a  given  depth  of  layer.  This  is  of  interest  in 
relation  to  the  ability  to  advance  or  retard  the  corresponding  collecting  channel  (cf.  p.  384). 

The  moisture  content  of  the  megasse  leaving  the  diff user  varies  in  the  range  70-80%. 
depending  on  whether  or  not  a  compression  roller  is  provided. 

Saturne  diffusion 

The  Saturne  diffuser  was  devised  by  Marcel  Barre,  and  is  built  and  sold  by  the  Societe 
Sucriere  de  l'Atlantique. 

The  diffuser  (Fig.  23.21)  has  been  termed  the  "Saturne".  It  consists  of  a  vertical  ring,  of 
12  m  (39  ft.)  external  diameter  and  radial  thickness  about  1.50  m  (5  ft.),  rotating  about  a 
horizontal  axis  inside  a  fixed  casing  of  rectangular  section.  It  is  divided  into  18  compartments 
or  "baskets"  by  grilles  of  perforated  plate.  Each  basket  is  enclosed  between  the  interior  and 
outer  walls  of  the  casing  (which  are  cylindrical  in  form)  and  its  front  and  back  grilles,  which 
are  flat;  it  is  thus  restricted  in  direction  of  movement  by  the  grilles.  When  the  basket  has  pass- 
ed the  top  generatrix,  which  we  shall  take  as  the  origin,  or  0°,  it  receives  the  bagasse  by  an 
opening  located  slightly  beyond;  when  it  is  about  45°  further  on,  it  is  completely  filled  and 
receives  at  the  same  time  the  juice  which  has  been  recycled,  limed  and  heated.  Soon  after 
it  has  passed  the  90°  position,  i.e.  the  level  of  the  shaft  of  the  ring,  the  walls  of  the  cylindrical 
casing  become  perforated  plate,  and  the  diffusion  juice  which  fills  the  whole  lower  half  of 
the  ring  escapes  by  these  perforations,  passes  through  a  liming  bath,  is  picked  up  by  a  pump 
and  divided  into  two  portions.  One  passes  through  a  heater  and  is  recycled  and  distributed 
on  the  bagasse  to  heat  and  saturate  it;  the  other  is  withdrawn  and  taken  to  manufacture. 

The  basket  at  this  stage  enters  the  zone  filled  with  diffusion  juice  and  passes  through  it. 
This  zone  consists  of  the  lower  half  of  the  ring  and  ends  slightly  beyond  the  270°  point,  where 
the  basket  receives  the  juice  from  the  dewatering  equipment;  at  the  315°  position  it  receives 
water.  The  basket  then  enters  the  discharging  zone,  and  at  the  335°  position  the  interior  cas- 
ing terminates  and  allows  the  megasse  to  fall  into  a  conveyor  which  takes  it  to  the  mills  or 
other  dewatering  devices.  As  the  outer  casing  is  also  open  at  this  position,  the  basket  is  wash- 
ed and  is  ready  for  the  commencement  of  another  cycle. 

The  juice  thus  circulates  in  a  counter-current  manner.  The  head  necessary  to  maintain  the 
flow  through  the  bagasse  moving  in  the  opposite  direction  is  approximately  4  m  (13  ft.),  and 
varies  according  to  the  degree  of  packing  sought  and  the  degree  of  preparation  of  the 
bagasse. 

The  speed  of  rotation  of  the  ring  is  approximately  1  m/min  (3  ft./min)  at  the  periphery, 
giving  one  revolution  in  about  40  min.  It  may  be  varied  between  0.5  and  2  m/min  (1.5  and 
7  ft./min),  and  is  controlled  at  the  delivery  from  the  continuous  scale  which  weighs  the 
bagasse  entering  the  diffuser.  The  rotational  movement  is  furnished  by  a  jack  placed  at  the 
top  of  the  ring,  which  acts  on  18  bars  connected  to  the  18  grilles;  the  movement  lasts  1 .5  min, 
the  interval  between  movements  is  0.5  min. 

The  ring  rests  and  rotates  on  an  upper  roller,  and  is  guided  by  two  other  rollers,  one 
external  and  one  internal.  It  consists  essentially  of  a  central  girder  of  circular  section, 
provided  with  numerous  holes  so  that  it  does  not  form  a  dividing  wall,  and  with  the  grilles 
bolted  to  it. 

The  power  necessary  to  provide  the  movement  is  approximately  0.75  kW  (1  h.p.)  per  100 
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tonnes  cane  per  day.  The  capacity  is  approximately  1,000  tonnes  per  day  per  metre  of  width 
of  the  ring. 

The  residence  time  for  the  bagasse  is  approximately  30  min,  made  up  thus: 


The  residence  time  of  the  juice  is  about  20  min. 

Fer  recycling,  about  5  kg  of  juice  per  kg  of  bagasse  are  used.  A  temperature  of  75  -80°C 
(170-175°F)  is  recommended,  and  a  pH  of  6.2. 

There  are  two  separate  controls,  one  for  the  temperature  and  pH  of  the  scalding  juice,  the 
other  for  the  temperature  and  pH  of  the  thin  juice  from  the  final  pressing.  The  latter  may 
be  re-introduced  directly,  or  treated;  the  treatment  may  be  limited  to  screening,  liming  and 
heating. 

The  megasse  leaving  the  ring  contains  about  85%  water,  and  the  excess  juice  is  allowed 
to  drain  off.  The  material  is  also  passed  between  two  primary  rollers  provided  with  grooves, 
of  which  the  lower,  about  1.5  m  (5  ft.)  in  diameter,  is  placed  below  and  is  hollow  with  a 
surface  perforated  with  holes  occupying  some  30%  of  the  surface  area.  The  juice  expressed 
drains  into  the  interior  of  this  roller  and  is  withdrawn  by  inclined  gutters  and  re-introduced 
into  the  diffuser.  The  pressure  exerted  by  the  small  upper  roller  is  adjustable.  The  moisture 
content  of  the  megasse  is  thus  reduced  to  about  70%. 

The  imbibition  (Sucatlan  recommend  \  =  2)  is  applied  on  the  megasse  which  is  sent  to 
a  second  pair  of  pressure  rollers  of  similar  design,  but  situated  away  from  the  main  diffuser 
ring;  these  reduce  the  moisture  to  65  -  70%.  The  megasse  then  goes  to  the  final  mill  or  mills. 

The  Saturne  requires  considerable  height,  but  it  is  simple  and  requires  little  maintenance. 

Fletcher  -  Stewart  -  van  Hengel  diffusion 

This  is  a  diffuser  designed  about  1968  by  Van  Hengel  in  South  Africa,  and  built  by  Fletcher 
&  Stewart.7  It  consists  of  a  series  of  units  each  having  the  form  of  an  intermediate  carrier, 
inclined  at  30°,  and  to  a  great  extent  overlapping  (Fig.  23.22).  The  conveyor  proper,  situated 
in  the  interior  of  the  compartment,  is  furnished  with  scrapers  and  moves  in  such  a  way  that 
the  upper  run  of  the  conveyor  descends  and  the  lower  run  rises.  The  first  cell  receives  the 
bagasse  supplied  from  a  mill  following  cane  knives  and  a  shredder,  and  discharges  it,  as  do 
the  following  conveyors,  mid-way  on  the  upper  run  of  the  following  conveyor.  It  descends 
on  the  upper  run  towards  the  bottom  of  the  compartment  where  it  is  picked  up  again  by  the 
lower  run  and  passes  up  to  the  upper  end  of  the  compartment,  where  it  is  again  passed  on 
to  the  following  compartment.  On  these  two  conveyors  it  is  sprayed  copiously  with  water  or 
mill  juice  in  the  first  compartment,  and  with  juice  from  the  cell  itself,  or  from  the  following 
one,  in  the  other  compartments.  The  imbibition  may  be  of  the  order  of  50%,  for  example, 
but  the  recirculation  pumps  can  recycle  300-400%  on  weight  of  cane,  of  which,  for 
example,  150%  comes  from  the  following  cell  and  the  remainder  as  recycled  liquid  from  the 
compartment  considered. 
The  megasse  leaving  the  last  compartment  passes  to  two  mills  to  reduce  the  water  content 


Scalding: 

Maceration: 

Discharge: 


5  min 
20  min 
5  min 
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sufficiently  for  its  use  as  fuel.  The  expressed  juice  thus  obtained  is  reheated  to  95°C  (200°F), 
in  order  to  maintain  the  compartments  at  a  temperature  of  80-90°C  (175—  195°F). 

Compaction  is  of  the  order  of  t  =  80  kg  fibre/m3  of  megasse  (5  lb./cu.ft.).  We  may  reckon 
,on  a  movement  of  about  16  m  (50  ft.)  of  bagasse  per  cell  or  compartment.  The  capacity  of 
the  equipment  is  given  by: 


A    =  tonnes  of  cane  per  hour 
/     =  fibre  per  unit  of  cane 

L    =  effective  length  of  the  compartments,  in  m  (ft.) 

v     =  speed  of  movement  of  the  bagasse  in  its  travel,  in  m/min  (ft./min) 

H   -  thickness  of  the  layer  of  bagasse  on  the  conveyor,  in  m  (ft.) 

0.8  =  coefficient  allowing  for  the  space  between  the  scrap?rs,  due  to  the  inclination  of  30° 
of  the  conveyors. 
Assuming  t  -  80  kg/m  (5  lb./cu.ft.),  we  have: 


The  driving  wheels  and  the  end  of  the  intermediate  carrier  (which  forms  the  mobile  element 
of  the  unit)  should  be  at  least  1.16  m  (46  in.)  in  diameter,  the  minimum  adopted  for  the  first 
installation.  If  they  are  driven  at  1  r.p.m.,  the  speed  of  the  conveyor  is  v  =  3.66  m/min  (12 
ft./min). 

The  residence  time  for  the  material  in  the  diffuser  should  be  about  25  —  30  min.  The 
number  of  units  comprising  the  diffuser  can  vary  from  a  minimum  of  5,  with  a  recommended 
optimum  in  practice  of  7.  The  thickness  of  the  layer  is  0.6  m  (2  ft.),  or  about  half  that  for 
diffusers  of  the  de  Smet  or  B.M.  A.  type.  Thus,  if  we  take  the  residence  time  as  half  an  hour, 
we  may  determine  the  conditions  of  operation;  if  P  is  the  distance  of  travel  in  one  unit  of 
the  diffuser,  and  Tthe  residence  time,  we  have: 


1,000  Af  =  L  x  60v  x  H  x  t  x  0.8 


(2,240  Af  =  L  x  60v  x  H  x  t  x  0.8) 


Af  =  3.8  LvH 


(Af  =  0.107  LvH) 


7  xP 


7  X  16 


v  = 


60 


60  x  0.5 


=  —  =  ".73  m/min    (12.25  ft./min) 


Hence  the  rotational  speed  of  the  driving  wheel  is: 


313 
3.66 


-  -  1.02  r.p.m. 


and  the  width  of  the  diffuser  is: 


L  - 


3.8  vH 


Af 


This  type  of  diffuser  has  several  advantages:  first,  the  low  thickness  of  the  layer  facilitates 


TYPES  OF  DIFFUSION 


395 


percolation,  which  is  further  improved  by  the  large  number  of  changes  of  direction  (two  per 
unit),  which  at  each  change  presents  a  new  surface,  loosens  and  aerates  the  material,  and  so 
prevents  the  tendency  to  flooding,  which  is  a  frequent  disadvantage  where  the  moving  layer 
is  undisturbed.  The  cane  preparation  can  thus  be  pushed  to  the  maximum  without  fear  of 
interference  with  the  penetration  of  the  bagasse  layer,  which  would  create  an  impermeable 
layer  at  the  surface.  The  residence  time  of  the  material  is  low,  thus  minimising  the  retention 
of  juice,  and  consequently  the  risk  of  inversion  or  microbial  action;  similarly,  loss  of  time 
during  stoppages  when  for  a  time  the  factory  will  proceed  without  bagasse  and  without  juice 
at  the  start,  without  bagasse  during  the  stoppage. 

This  diffuser  especially  permits  of  recycling  a  very  high  quantity  of  water  or  juice  (Pongola 
has  one  of  the  highest  figures  for  imbibition  %  fibre  in  the  country):  which  permits  making 
use  of  this  important  factor  in  the  efficiency  of  the  process. 

On  the  other  hand,  the  large  number  of  intermediate  carriers  is  complex  and  involves  extra 
power  for  elevating  the  megasse  in  each  unit,  whereas  straight  diffusers  operate  at  constant 
level;  in  compensation,  however,  fewer  pumps  are  required,  and  the  total  power  consump- 
tion of  the  diffuser  is  about  12  kW/t.f.h.  (16  h.p./t.f.h.),  lower  than  that  consumed  by  other 
diffusers  in  South  Africa. 

At  Pongola,  the  extraction  at  the  preparatory  mill  was  71%,  that  at  the  diffuser  48%  of 
the  remaining  pol  content  (or  85%  total  for  first  mill  and  diffuser),  and  total  extraction 
95-96%,  including  the  two  final  mills.  For  the  1980-81  campaign,  the  pol  in  bagasse  was 
1.12%,  overall  extraction  97.55  imbibition  411%  on  fibre,  Clerget  purity  of  molasses  36.6, 
loss  in  molasses  9.23%  of  pol  in  cane,  recovery  on  mixed  juice  87.82,  and  overall  recovery 
85.67%. 


Fig.  23.22.  Van  Hengel  diffuser  (Fletcher  and  Stewart). 
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GENERAL  CONSIDERATIONS  ON  DIFFUSION 

We  have  described  the  four  principal  diffusion  processes  operating  at  present.  Several  others 
are  in  existence,  some  in  operation,  others  in  the  form  of  pilot  plants,  many  only  existing 
on  paper.  Some  of  these  extend  horizontally,  like  the  four  described;  others  vertically,  these 
being  diffusion  towers.  Of  these  towers,  one  lifts  the  bagasse  upwards  by  means  of  screw 
elevators,  others  are  based  on  the  attractive  hypothesis  that  the  bagasse  will  lift  itself.  These 
raise  the  much  debated  problem  of  the  buoyancy  of  bagasse;  if  this  buoyancy  is  real  and  suf- 
ficient, this  type  would  give  simple  and  economical  processes. 

In  the  competition  between  milling  and  diffusion,  the  mills  have  one  advantage,  that  of 
extracting  at  each  pressure  the  maximum  quantity  of  juice,  and  then  of  replacing  this  more 
or  less  completely  with  water  or  imbibition  juice,  thus  achieving  a  more  marked  effect.  The 
diffuser  has  more  difficulty  in  eliminating  the  juice  enclosed  in  cells  which  have  not  been 
completely  opened  and  in  thick  pieces  of  bagasse,  but  it  bathes  these  more  effectively  and 
can  repeat  the  washings  more  readily  (8  -  18  washings,  compared  with  3  or  6  for  mills). 

The  present  trend  of  inventors  and  innovators  is  to  attempt  alternate  pressure  and  diffu- 
sion, attempting  thus  to  profit  by  the  advantages  of  both  systems.  The  idea  is  logical;  in  order 
to  clean  a  floor  mop,  it  is  indeed  easier  to  wet  it  and  press  it  alternately  than  to  run  a  con- 
tinuous stream  of  water  over  it  without  pressure.  Processes  such  as  these,  however,  have  not 
yet  reached  the  industrial  stage. 

Effect  of  diffusion  on  overall  recovery 

Most  manufacturers  of  diffusers  have  given  great  prominence  to  the  gains  in  extraction 
realised,  sometimes  very  substantial  ones.  They  have  seldom  spoken  of  the  final  gain  in  sugar 
produced.  Now,  many  pioneer  users  of  diffusion  have  reported  the  gain  in  extraction,  but 
have  not  found  it  in  the  sugar  produced.  Sometimes  the  extraction  increased  by  2-3  points, 
whereas  the  overall  recovery  fell  by  1  or  2  points,  disclosing  a  loss  of  sugar  in  the  boiling 
house  of  3  —  5  points.  This  loss  was  partly  undetermined,  partly  a  loss  in  molasses,  either  in 
purity  or  in  the  quantity  of  molasses  produced. 

The  position  is  that  diffusion  is  more  critical  to  control  than  milling,  on  account  of  the 
risks  of  inversion  and  deterioration  which  are  involved.  The  greatest  danger  lies  in  the  con- 
tact of  juice  with  bagasse,  in  a  hot  alkaline  medium.  Another  risk  lies  in  the  separate  cir- 
cuit of  impure  juices,  dilute  and  containing  fine  bagasse  in  suspension:  the  thin  juices 
from  the  dewatering  mills.  For  these  two  reasons,  there  is  a  risk  of  difficulties  in  crys- 
tallisation, particularly  with  B  and  C  massecuites,  and  in  the  exhaustion  of  the  molas- 
ses. 

In  installing  a  diffuser,  the  following  should  therefore  be  especially  studied:  (a)  the  pro- 
blem of  liming  and  of  the  pH  in  the  diffuser;  (b)  the  juice  circuits,  where  care  should  be  taken 
to  reduce  the  residence  times,  particularly  of  juice  in  contact  with  bagasse;  (c)  temperatures, 
taking  care  to  maintain  these  between  70  and  80°C  (158  and  176°F)  (cf.  p.  437).  It  is  only 
on  condition  of  having  found  good  answers  to  these  problems  that  the  factory  will  be  able 
to  find  in  its  overall  recovery  and  its  sugar  production  the  gain  in  extraction  anticipated  from 
the  fact  of  acquisition  of  a  diffuser. 

Recent  experience  seems  to  indicate  that  the  Chief  of  Manufacture  has  little  complaint  as 
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to  the  quality  of  juice  received  from  the  Chief  of  the  Juice  Extraction  Department.  The 
purities  of  molasses  are  practically  the  same  as  in  the  case  of  milling  plant.  However,  the 
quantity  of  molasses  seems  to  be  influenced  by  diffusion:  South  African  figures8  for  the 
1979  -  80  season  indicate  the  quantity  of  molasses  of  85°  brix  %  on  cane  as  3.87  for  factories 
practising  diffusion  of  cane,  and  4.11  for  bagasse  diffusion  factories,  compared  with  3.49 
for  factories  using  milling  plant  only. 

For  the  1980-81  season,  the  mean  for  diffusion  factories  showed  4.30%  on  cane,  and  for 
factories  with  mills,  4.05%,  or  a  6%  disadvantage  in  the  case  of  diffusion  factories:  in 
sucrose  lost  in  molasses  %  pol  in  cane,  10.5  for  the  diffuser,  and  10.0  for  mills,  or  5%  greater 
with  diffusion.  This  difference  is  on  the  debit  side  for  the  diffusion  process. 

On  the  credit  side,  there  should  be  counted:  (a)  investment  costs  about  30%  less  for  diffu- 
sion; (b)  maintenance  costs  much  lower;  (c)  economy  in  juice  heating,  due  to  the  high 
temperature  of  diffusion  juices;  (of)  economy  in  filtration,  due  to  the  lower  proportion  of 
muds,  because  of  the  filtering  effect  on  the  bed  of  megasse  during  the  percolation  (3.26% 
as  against  5.26%);  and  (e)economy  in  power9  concerning  the  diffusers  proper:  there  is  a  dif- 
ference between  cane  diffusers  and  bagasse  diffusers  of  23  kW/t.f.h.  (30  h.p./t.f.h.)  in  the 
former,  as  against  18  (24)  for  the  latter  (mean  of  5  factories  in  each  case). 

As  regards  total  power  expended,  Lamusse9  gives  a  mean  for  factories  with  mills  of  190 
kW/t.f.h.  (255  h.p./t.f.h.),  compared  with  155  (205)  for  diffusion  factories. 

Capital  and  maintenance  costs 

It  has  been  commented  that  the  cost  of  diffusion  plant  is  lower.  The  30%  reduction  in  cost 
relates  to  diffusion  of  cane.  For  the  case  of  an  existing  factory  desiring  to  change  to  diffusion 
of  bagasse,  it  is  appropriate  to  compare  the  normal  tandem,  with  its  cane  preparators  and 
its  5  or  6  mills,  with  the  same  tandem  where  only  3  mills  and  the  preparatory  plant  are  retain- 
ed. To  show  a  gain  in  the  capital  cost,  it  is  necessary  therefore  that  the  cost  of  the  diffuser 
should  be  less  than  the  cost  of  2  mills  with  their  intermediate  carrier,  their  drives  and  gear- 
ing; or,  if  an  18-roller  tandem  is  being  considered,  the  cost  of  3  mills,  with  drives  and  gearing 
and  2  intermediate  carriers.  Now,  the  cost  of  the  diffuser  is  close  to  that  of  2  or  21  mills. 
The  initial  cost  is  thus  roughly  equivalent,  or  lower  for  the  diffusion  plant,  since  it  would 
require  six  mills  to  give  an  equivalent  extraction. 

Maintenance  of  the  diffuser  is  also  less  costly.  The  difference  here  is  considerable,  on  ac- 
count of  the  cost  of  rollers,  trashplates  and  scrapers,  and  parts  for  the  steam  turbines  when 
these  are  used  for  mill  drives.  It  is  reported  that  for  diffusion  of  cane,  maintenance  costs  are 
only  50  -  80%  of  those  for  an  equivalent  tandem  of  mills. 

The  setting  of  final  dewatering  mills  differs  from  that  of  ordinary  mills.  It  is  commented 
in  South  Africa10  that  the  ratio  of  feed  opening  to  delivery  opening  is  of  the  order  of  3  :  1 
or  4  :  1,  as  against  2  :  1  or  2.5  :  1  for  ordinary  mills. 

Specific  heat  of  prepared  cane.  This  must  be  known  for  calculating  the  heat  balance  for 
diffusion11.  It  has  a  value  c  =  0.25  +  0.81//  cal/g/°C,  where  h  =  water  content  of  cane 
(approximately  72%).  Hence:  c  =  0.86  approximately. 

Screen  area.  In  South  Africa12,  the  capacity  of  diffusers  is  related  to  their  screen  area  per 
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unit  of  fibre  treated.  A  mean  figure  of  11.1  m2  (121  sq.ft.)  per  t.f.h.  is  reported,  with  values 
varying  in  the  range  4.6-  14.8;  good  results  are  noted  with  areas  ranging  from  5.8  to  10.6 
mVt.f.h.  (62-114  sq.ft./t.f.h.). 


CHOICE  OF  MILLS  OR  DIFFUSION 

In  spite  of  the  years  that  have  passed  since  the  installation  of  the  first  diffusion  equipment 
for  cane,  and  the  number  of  installations  which  have  followed,  technologists  are  not  yet  in 
agreement  on  the  decision  to  take  when  the  question  arises  of  whether  to  instal  mills  or  dif- 
fusing equipment.  Each  system  has  its  supporters.  We  can,  however,  enunciate  some  general 
ideas. 

The  majority  of  factories,  operating  with  a  mill  tandem,  are  inclined  to  remain  with  milling 
plant,  to  which  they  are  accustomed,  even  when  they  have  increased  in  capacity  and  are  at 
a  stage  where  they  have  to  instal  further  mills  or  larger  mills. 

If  the  milling  tandem  is  old,  worn,  obsolete  or  of  low  efficiency,  there  is  a  clearer  case  for 
deciding  between  the  two  solutions.  The  considerations  in  the  preceding  paragraphs  will 
assist  to  make  the  right  decision.  It  will  be  easier  to  see  whether  the  new  equipment  can  be 
installed  without  too  much  difficulty  or  concern  regarding  the  equipment  retained. 

For  a  completely  new  factory,  diffusion  appears  more  attractive  on  account  of  the  lower 
cost  of  installation  and  maintenance.  The  only  argument  against  it  consists  of  the  loss  of 
sugar  in  molasses,  which  seems  to  be  definitely  slightly  higher.  The  difference  is  some  0.7 
kg  (1.5  lb.)  of  sucrose  per  tonne  of  cane,  say  120.7  compared  with  120  kg/tonne  cane.  The 
overall  economy  with  diffusion  seems  generally  higher. 

Comment.  Diffusion  of  cane  presents  one  rather  serious  disadvantage;  there  is  no  primary 
juice.  Analysis  of  primary  juice  normally  gives  the  basis  for  determining  the  overall  efficiency 
of  the  factory,  as  expressed  by  our  coefficient  k,  the  use  of  which  is  important  and  is  strongly 
recommended  (see  pp.  342  -  350). 
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24.  Defecation 


CLARIFICATION  OF  JUICES 

Hundxeds  of  materials  have  been  tried  for  purification  of  juices.  There  are,  however,  only 
five  which  are  of  any  industrial  importance: 

(7)  Lime  (CaO)  which,  since  the  beginnings  of  sugar  manufacture,  has  remained  the 
universal  basic  defecant;  the  treatment  with  lime  is  called  "defecation" 

(2)  Sulphurous  acid,  from  S02:  "sulphitation" 

(3)  Phosphoric  acid,  from  P2O5:  "phosphatation" 

(4)  Carbonic  acid,  from  CO2:  "carbonatation" 
(J)  Magnesia,  MgO. 

We  shall  study  these  various  processes  separately.  We  shall  commence  with  defecation:  this 
is  the  only  one  of  the  five  methods  mentioned  which  is  always  practised. 


ACTION  OF  LIME  ON  THE  JUICE 

We  shall  not  discuss  the  chemical  effects  resulting  from  the  reaction  of  lime  on  the  juice. 
Many  of  the  organic  acids  are  eliminated,  since  their  lime  salts  are  insoluble  (oxalic,  tartaric, 
etc.);  albuminoid  matter  is  coagulated.  Part  of  the  pectin  and  colouring  matter  is  destroyed 
or  rendered  insoluble.  But  this  elimination  of  impurities  is  relatively  insignificant,  the  purity 
of  the  defecated  juice  being  approximately  the  same  as  that  of  the  juice  before  treatment. 
The  gain  is  generally  of  the  order  of  0.5-2  points:  83-84,  for  example. 

The  purification  is  predominantly  physical.  A  precipitate  forms,  readily  demonstrated  in 
a  test-tube;  the  coagulated  material  entraps  suspended  impurities,  and  brings  them  down  with 
it. 

Lime 

The  quality  of  lime  used  is  important.  In  many  countries  the  only  lime  obtainable  is  very  im- 
pure, approximately  60%  CaO,  containing  much  sand  and  unburnt  stone. 

It  is  recommended  that  lime  containing  more  than  2%  of  MgO  or  of  oxides  of  iron  and 
aluminium  should  be  avoided.  These  impurities  would  cause  deposits  in  the  multiple  effects, 
and  magnesia  would  give  trouble  in  the  defecation.  We  shall  see,  however  (p.  429),  that 
magnesia  is  sometimes  used  systematically  with  lime,  precisely  in  order  to  avoid  scale  forma- 
tion in  the  evaporators. 

A  good-quality  lime  should  test  90-95%  of  CaO.  Hydrated  lime,  Ca(OH)2,  is  also 
employed,  its  activity  being  proportional  to  its  CaO  content. 

Pure  hydrated  lime  contains  56/74  =  76%  of  CaO. 
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Milk  of  lime 

Some  factories  still  use  lime  directly,  adding  it  to  the  juice  in  the  solid  state. 

The  solubility  of  lime  in  juice  increases  with  the  sugar  content  and  decreases  with  increas- 
ing temperature.  At  80°C  (176°F),  0.25-0.30%  of  CaO  dissolves  in  a  juice  of  10-12% 
sucrose. 

As  solution  is  relatively  slow  and  difficult,  the  use  of  lime  in  the  pulverised  state  is  not 
recommended;  certain  portions  of  the  juice  will  be  overlimed,  other  insufficiently  limed.  It 
is  of  advantage  to  make  first  a  milk  of  lime,  by  mixing  the  pulverised  lime  or  lump  quicklime 
with  water.  It  is  this  milk  of  lime  which  will  then  be  mixed  with  the  juice;  its  mixing  will  be 
much  more  rapid  and  its  action  much  more  uniform. 

The  milk  of  lime  is  made  up  in  2  tanks,  one  of  which  is  emptied  while  the  other  is  being 
filled.  They  are  provided  with  a  stirrer  rotating  at  8 —  10  r.p.m.,  according  to  the  diameter. 
The  capacity  of  each  of  these  2  tanks  should  correspond  to  1^  or  2  hours'  operation  of  the 
factory. 

The  bearings  designed  to  work  in  the  lime  should  be  of  cast  iron  and  not  of  bronze. 

TABLE  24.1 


MILK  OF  LIME 


Baume 

Density 

g  CaO 

%  CaO 

kg  water  reqd. 

per  litre 

by  weight 

per  kg  CaO 

1 

1.007 

7.5 

0.745 

133 

2 

1.014 

16.5 

1.64 

60 

3 

1.021 

26 

2.54 

38 

5 

1.036 

46 

4.43 

21.6 

10 

1.074 

94 

8.74 

10.4 

15 

1.117 

148 

13.26 

6.5 

20 

1.161 

206 

17.72 

4.6 

Density.  Table  24.1  gives  the  relation  between  degrees  Baume  and  lime  content  of  the  milk. 

Milk  of  lime  is  generally  made  at  15°  Baume.  A  density  of  20°  Be  is  not  exceeded,  as  above 
this  value  the  pumps  and  pipe  lines  block  too  frequently. 

When  an  automatic  pH  regulator  of  the  "Micromax"  type  is  used,  a  milk  of  lime  of  10° 
Be  may  be  used  for  the  fixed  initial  dose,  but  a  value  of  5°  Be  should  not  be  exceeded  for 
the  variable  addition  regulated  by  the  automatic  controller,  otherwise  control  would  be 
defective.  It  is  often  kept  at  2  or  3°  Be. 

Lime  consumption.  For  the  manufacture  of  raw  sugar  by  ordinary  defecation,  one  should 
allow  for  0.5-0.8  kg  (1.1  -  1.8  lb.)  of  CaO  per  t.c.  The  aim  should  be  to  use  the  minimum 
of  lime  which  will  give  good  clarification  and  good  settling,  with  a  pH  of  clarified  juice  close 
to  7.0,  since  any  excessive  lime  is  harmful  and  results  in  an  increase  in  the  content  of  lime 
in  clarified  juice.  Honig1  estimates  that,  in  a  well-conducted  defecation  factory,  the  lime  con- 
tent of  clarified  juice  should  not  exceed  400  mg/i. 
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DEFECATION  PROCEDURES 

The  defecation  procedures  most  used  are  the  following: 

(1)  Cold  liming 

The  juice  leaving  the  mills  is  generally  at  a  pH  in  the  neighbourhood  of  5.5.  Lime  is  added 
to  a  pH  of  7.2-8.3,  most  often  to  about  7.8.  It  is  then  pumped  to  heaters,  the  heating  sur- 
face of  which  should  be  sufficient  to  bring  the  juice  to  its  boiling  point,  i.e.  to  100. 5°C 
(213°F)  minimum.  For  safety,  one  always  aims  at  103  -  104. 5°C  (218 -220°F).  On  leaving 
the  heater,  the  juice  passes  into  a  vapour  separator  or  "flash  tank",  a  simple  tank  placed 
in  the  pipe  line,  in  which  it  is  released  to  atmospheric  pressure  and  returns  to  its  correspon- 
ding boiling  point,  say  100.5  °C,  with  release  of  steam.  It  passes  immediately  afterwards  to 
the  subsiders,  where  the  precipitate  formed  by  the  lime  is  settled. 

The  defecated  juice,  or  clarified  juice,  drops  to  a  variable  pH,  of  the  order  of  6.8-7.2. 

The  subsidation  is  complete  at  the  end  of: 
1  hour  approximately  for  juices  of  noble  canes  (which  have  practically  disappeared) 
1 5  —  2  hours  for  ordinary  canes 
More  than  2  hours  for  juice  from  refractory  canes. 

Cold  liming  is  generally  sufficient  for  the  first  two  cases,  when  manufacturing  raw  sugar. 

When  the  juices  are  difficult  to  treat,  the  lime  is  increased  to  raise  the  pH  to  8.3.  This 
system  has  given  good  results  in  Hawaii2. 

(2)  Hot  liming 

Better  clarification  is  often  obtained  by  pumping  the  juice  first  to  a  heater  heated  by  vapour 
bled  from  the  second  body  of  the  multiple  effects,  so  as  to  obtain  a  temperature  of  about 
70°C  (160°F),  and  then  proceeding  to  add  the  lime  to  the  same  pH  value  (e.g.  7.8)  and  finally 
heating  further  up  to  103°C  (218°F). 

In  Java,  the  first  heating  is  taken  to  90°C  (195°F)  or  even  to  boiling,  and  the  second 
heating  is  then  omitted. 

Hot  liming,  according  to  Jenkins3,  requires  15-20%  less  lime,  for  a  better  clarification. 

The  author  at  present  uses  this  process,  which  gives  a  slight  improvement  when  the  juices 
are  difficult  and  cold  liming  does  not  give  satisfactory  clarification. 

(3)  Fractional  liming  with  double  heating 

This  process  has  been  recommended  and  put  into  operation  at  the  College  of  Tropical 
Agriculture  in  Trinidad.  It  is  intended  especially  for  treatment  of  refractory  juices,  and 
generally  gives  a  substantial  improvement  when  the  ordinary  liming  becomes  insufficient.  It 
consists  of: 

Liming  the  cold  juice  to  a  pH  of  6.2-6.4 

Heating  to  boiling 

Re-liming  to  a  pH  of  7.6- 8.2 

Heating  again  to  boiling 

Leaving  to  settle. 

The  pH  values  indicated  correspond  to  adding  about  one-third  of  the  total  quantity  of  lime 


402 


DEFECATION 


Ch.  24 


in  the  first  addition,  or  pre-liming,  and  two-thirds  at  the  second  addition,  or  the  liming  pro- 
per. 

The  pre-liming  may  be  carried  as  far  as  pH  6.6,  but  this  point  should  not  be  exceeded.  In 
the  great  majority  of  cases,  a  pH  of  6.3  gives  every  satisfaction. 

The  first  heating  may  be  taken  only  to  93 °C  (200°F).  This  was  the  procedure  employed  at 
Central  Guanica.  Our  own  experience  is  that  clarification  is  always  less  effective  if  the 
temperature  falls  below  98°C  (208°F).  For  safety,  it  is  preferable  to  aim  at  104.5°C(220°F). 

The  second  liming  may  be  taken  beyond  8.2,  but  the  optimum  value  is  generally  in  the 
neighbourhood  of  7.8.  If  the  juice  is  limed  to  8.4,  the  defecated  juice  remains  alkaline: 
7.2-7.4. 

It  is  imperative  that  the  second  heating  should  exceed  the  boiling  point,  and  it  will  be 
preferable  to  insist  on  104. 5°C  so  as  not  to  risk  falling  below  101  °C. 
The  final  pH  of  the  clarified  juice  should  be  about  6.8-7.1. 

Advantages.  This  procedure  has  the  following  advantages  over  cold  liming: 

(1)  Less  scum  is  obtained 

(2)  The  clarified  juice  is  much  more  brilliant 

(3)  The  muds  filter  better,  giving  dry  and  porous  cakes 

(4)  The  nitrogenous  colloids  are  separated  to  a  much  greater  extent:  about  80%  instead  of 
50%. 

(5)  Waxes  are  eliminated  in  a  still  greater  proportion:  90%  instead  of  70%. 

Rupture  of  flocsThe  advocates  of  this  procedure,  especially  Davies4  at  the  Trinidad  Col- 
lege of  Agriculture,  have  shown  that,  once  the  liming  is  completed,  any  violent  agitation  of 
the  treated  juice,  such  as  passage  through  a  plunger  pump,  or  particularly  a  centrifugal 
pump,  does  considerable  harm  to  the  clarification. 

It  is  recommended  therefore  that  the  installation  should  be  designed  in  such  a  way  that, 
once  the  pre-liming  is  completed,  the  juice  should  pass  to  the  main  secondary  liming  and  to 
the  second  heating  by  gravity.  This  is  obviously  not  easy  to  arrange,  at  least  with  ordinary 
heaters. 

This  rupture  of  the  floe  would  be  equally  liable  to  occur  in  the  case  of  ordinary  cold  liming. 

These  results  have  been  confirmed  in  India5:  the  use  of  a  pump  rendered  the  juice  more 
difficult  to  settle  and  increased  the  volume  of  muds  as  well  as  the  percentage  of  colloids, 
reducing  the  rise  in  purity  obtained  by  the  treatment. 

(4)  Liming  while  boiling 

Establishment  of  this  fact  has  led  to  a  modification  of  hot  liming  which  avoids  any  rupture 
of  the  floe.  This  consists  of  liming  the  juice,  not  at  70°C  (160°F),  but  after  heating,  in  other 
words,  after  boiling  at  100.5°C(213°F).  The  heated  juice  is  pumped  to  a  tank  above  the  sub- 
sides into  which  the  milk  of  lime  is  also  pumped  in  such  a  way  as  to  obtain  a  complete  and 
homogeneous  mixture  with  the  juice.  From  this  tank,  the  juice  flows  by  gravity,  preferably 
by  an  inclined  rather  than  a  vertical  pipe,  into  the  subsider.  No  time  of  contact  is  provided, 
this  being  assured  in  the  flocculation  chamber  of  the  clarifier. 

It  is  necessary  to  cool  the  continuous  sample  of  juice  taken  for  the  pH  recorder-controller, 
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for  example,  by  allowing  it  to  cascade  down  the  stepped  bottom  of  a  small  trough,  fitted  with 
a  double  bottom  with  water  circulating  in  the  double  bottom.  For  the  pH  instrument,  special 
high-temperature  electrodes  are  used,  the  glass  electrode  being  of  soda-free  glass. 

This  procedure,  in  general  use  in  Mauritius  in  1966,  gives  a  beautiful  clarified  juice,  and 
has  replaced  all  other  methods  in  that  country. 

(5)  Java  method 

The  following  is  a  method  which,  according  to  Honig6,  promised  in  1939  to  become  general 
in  Java: 

Pre-liming  of  the  juice  to  between  pH  6.0  and  6.6 
Separation  of  the  pre-limed  juice  into  2  portions: 

(1)  40%  limed  cold  to  pH  9.5 

(2)  60%  heated 

Mixing  of  the  2  portions,  giving  a  pH  of  7.6-7.8  and  a  temperature  of  65°C  (150°F). 

(6)  Lime  addition  with  saccharate 

This  method  of  liming  has  been  used  in  Australia,  Mauritius  and  Reunion,  and  recently  in 
South  Africa7:  it  is  now  (1982)  very  general  in  Australia.  It  consists  of  mixing  the  milk  of 
lime  with  clear  juice  or  syrup,  maintaining  it  in  contact  for  up  to  5  minutes  to  give  time  for 
the  saccharate  to  form,  and  the  lime  addition  to  the  juice  is  then  made  with  this  mixture. 
Pongola  factory,  which  introduced  the  process  in  South  Africa,  has  reported  that  the 
defecated  juice  was  clearer  and  nearly  one  point  higher  in  purity.  A  further  advantage  lies 
in  the  handling  of  the  mixture,  which  avoids  the  trouble  of  blockages  in  the  pipes,  as  ex- 
perienced with  the  normal  milk  of  lime  mixture. 

It  is  necessary  that  the  lime  should  be  in  the  monocalcium  saccharate  form,  and  for  this 
the  temperature  must  be  lower  than  58°C  (136°F)  and  the  ratio  of  sucrose  to  CaO  should 
be  above  6.1  :  1.  A  ratio  of  7  :  1  is  adopted  and  the  lime  prepared  at  15°  Be,  say  148  g  CaO 
per  litre.  Pongola  uses  700  g  CaO  per  t.c. 

The  quantity  of  milk  of  lime  per  100  t.c.h.  is  then: 


148 


-  473  1/h  (105  gal./h) 


and  the  quantity  of  juice  at  brix  B,  purity  P  and  density  d: 


100  x  0.7  x  7  x  100 


=  q  1/h 


The  mixing  tank  should  have  a  working  volume  of: 


(473  +  q) 


Juice  for  the  mixture  may  be  the  cloudy  filtrate  from  the  vacuum  filters;  this  may  resolve, 
at  least  partially,  the  problem  of  disposal  of  that  filtrate. 
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REACTION  OF  DEFECATED  JUICE 

The  final  acidity  or  alkalinity  of  the  defecated  juice  going  to  the  evaporators  is  not  unimpor- 
tant. 

When  white  sugar  is  required,  an  acid  juice  is  desirable,  and  the  pH  should  be  maintained 
between  6.4  and  6.6. 

If  only  a  good-quality  raw  sugar  is  required,  the  juice  may  be  left  slightly  alkaline,  with 
a  pH  between  7.1  and  7.5.  This  avoids  all  risk  of  loss  by  inversion,  which  is  possible  in  the 
case  of  juices  at  pH  6.9. 

On  the  other  hand,  alkaline  juice  slows  down  the  work  at  the  pans,  and  crystallisation  is 
less  easy.  For  a  pH  of  7.5,  boiling  times  20%  longer  may  be  expected  compared  with  a  pH 
of  7.0. 


PH  CONTROL 

Control  of  juice  pH  is  effected  by  automatic  pH  controllers.  These  instruments,  such  as  the 
Leeds  and  Northrup  "Micromax"  or  Kent  "Multelec",  record  on  a  chart  the  indications  of 
a  galvanometer;  they  demand  careful  maintenance  and  adjustment,  but  they  give  precise 
values.  They  are  far  more  valuable  if  used  with  automatic  lime  regulators  of  the  same  make; 
the  combination  functions  very  effectively  and  gives  much  improved  clarification. 

This  type  of  equipment  is  made  by  numerous  firms:  Kent,  Foxborough,  Beckman, 
Honeywell,  etc.  The  measuring  electrodes  become  rapidly  dirty,  and  it  is  recommended  that 
they  be  cleaned  twice  per  week  with  hydrochloric  acid. 

It  is  also  desirable  to  check  the  pH  of  the  settled  mud.  If  it  is  lower  than  that  of  the  clear 
juice  by  more  than  0.2,  it  is  liable  to  cause  some  inversion.  It  is  then  necessary  to  reduce  the 
level  of  mud  in  the  clarifier. 


ELIMINATION  OF  STARCH 

Starch  is  sometimes  found  in  the  juices,  depending  on  the  soil  and  the  cane  variety.  The  nor- 
mal content  is  of  the  order  of  200-300  p. p.m.  on  mixed  juice.  Starch  is  a  very  detrimental 
material,  since  it  is  not  eliminated  in  normal  defecation  and  eventually  remains  in  the  raw 
sugar  and  reduces  its  filterability. 

Q 

In  South  Africa,  Boyes  indicates  a  simple  method  of  removing  50-60%  of  the  starch 
from  the  juice.  It  consists  of  passing  the  filtrate  from  the  rotary  filter  into  the  mixed-juice 
tank,  which  reduces  the  acidity  of  the  mixed  juice  or  even  renders  it  alkaline,  and  enables 
a  reaction  to  take  place  between  the  diastase  contained  in  the  juice  and  the  gelatinised  starch 
in  the  filtrate.  The  juice  is  then  heated  to  about  70-80°C  (160-  I75°F)  and  is  allowed  to 
stand  for  8-12  min.  The  lime  is  added  only  after  this. 

A  method  developed  in  the  same  country  and  which,  from  the  aspect  of  starch  elimination, 
would  have  an  efficiency  of  90%,  is  the  Rabe  process.  As  employed  at  Umzimkulu,  it  consists 
of  an  additional  step  in  the  usual  process  of  defecation  with  lime,  phosphoric  acid  and 
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Separan;  the  juice,  after  liming,  phosphating  and  heating  to  65°C  (149°F),  is  pumped  to  a 
mixer  where  it  receives  the  flocculant  in  a  small  subsider,  of  approximately  90  l/t.c.h.  (20 
gal./t.c.h.);  it  is  held  here  for  approximately  6  min  only,  and  vacuum  is  applied.  The  air 
saturating  the  juice  is  thus  liberated  and  rises  to  the  surface  as  bubbles,  entraining  the 
precipitates  which  are  thus  removed  in  the  form  of  scums,  while  the  clear  juice  is  withdrawn 
from  below.  It  is  then  heated  to  boiling  and  goes  to  a  normal  subsider. 

This  process  depends  on  the  principle  that  starch  is  brought  into  solution  only  at  67°C 
(152°F);  it  is  thus  a  case  of  getting  rid  of  it  before  the  juice  is  brought  to  that  temperature. 

This  process  has  been  found  too  expensive  due  to  the  consumption  of  phosphoric  acid  and 
has  be5n  abandoned  during  the  1970's,  the  same  improvement  in  filterability  having  been  ob- 
tained by  the  addition  of  amylase  to  the  juice. 


OTHER  REAGENTS  USED 

Apart  from  lime,  which  we  have  just  studied,  and  S02,  P2O5,  C02  and  MgO,  which  are 
discussed  in  the  following  chapters,  the  following  reagents  are  also  used  in  various  parts  of 
the  world,  to  an  extent  sufficiently  important  to  warrant  discussion: 

(1)  Soda  ash.  It  may  be  advantageous  to  replace  part  of  the  lime  by  soda  ash  (sodium  car- 
bonate) when  it  is  necessary  to  treat  canes  where  the  juice  has  been  affected  by  frost  or  by 
a  long  delay  in  the  field  after  cutting,  or  burnt  cane  which  has  been  delayed  in  transport, 
or  generally  cane  with  abnormal  juice.  It  is  preferable,  however,  to  avoid  use  of  soda  ash 
as  a  regular  practice,  since  it  is  expensive,  causes  some  coloration  of  the  juice  and  conse- 
quently of  the  sugar,  and  tends  to  decrease  the  filterability  and  consequently  the  refining 
qualities  of  the  sugar  produced. 

(2)  Bentonite.  This  is  an  aluminium  magnesium  silicate,  which  has  similarly  been  added 
in  clarification  in  Puerto  Rico,  where  certain  factories  have  expressed  complete  satisfaction 
with  it. 

(3)  Separan  AP  30.  This  is  a  coagulant  added  to  the  juice  before  clarifying  or  to  the  mud 
before  filtration.  It  is  expensive,  but  appears  to  improve  the  clarity  of  the  juice  and  the  sub- 
sidation.  It  forms  an  integral  part  of  the  Rapi-Floc  process  (cf.  p.  485).  In  present  practice, 
it  is  used  in  the  proportion  of  1  -3  p. p.m.;  the  following  dosages  are  recommended:  9 

(a)  Normal  juice,  0.1  -0.2  p.p.m.  (to  improve  capacity) 

(b)  Refractory  juices,  1-1.5  p.p.m. 

(c)  Maximal  usage,  3  p.p.m. 

Many  other  products  achieve  exactly  the  same  result.  We  may  mention  Talosep  A3  or  A5, 
Magnafloc  LT  26  or  28,  Cyanamid  A  110  or  130,  and  Fabcon  Zuchar. 
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25.  Sulphitation 


Defecation  is  a  universal  and  indispensable  process.  With  sulphitation  it  is  different;  most 
of  the  world's  sugar  factories  do  without  it.  But  it  is  the  most  widespread  process  auxiliary 
to  defecation. 

Action  of  sulphurous  acid  on  juice 

The  action  of  sulphur  dioxide,  S02,  on  juice  is  as  follows: 

(1)  It  eliminates  colouring  matters  (a  property  common  to  all  acids) 

(2)  It  reduces  to  colourless  compounds  the  ferric  salts  which  have  been  formed  by  contact 
with  mills,  tanks  and  pipes. 

Sulphur 

Sulphur  dioxide  is  prepared  from  sulphur,  which  is  delivered  in  the  form  of  small  sticks  or 
cylinders.  Sicilian  or  American  sulphur  is  superior  to  that  from  India  and  Java.  Sicilian 
sulphur  in  fact  is  in  the  form  of  octahedral  or  a-type  sulphur,  the  melting  point  of  which 
(114°C)  is  well  below  that  of  (3  or  prismatic  sulphur  and  of  the  precipitated  or  y-form 
(200°C). 

Combustion  of  sulphur 

Sulphur  dioxide  is  a  gas  resulting  from  the  combustion  of  sulphur: 

s  +  o2  -  so2 

32  g  +  32  g  =  64  g 

Hence,  1  kg  of  sulphur  requires  1  kg  of  oxygen;  the  reaction  releases  2,217  kcal  per  kg  of 
sulphur  (3,990  B.T.U./lb.). 
Combustion  takes  place  at  a  temperature  of  363°C  (685 °F). 

If  the  combustion  were  to  take  place  with  the  theoretical  quantity  of  air,  the  weight  of  air 
required  would  be: 

100 

 =  4.3  times  the  weight  of  sulphur 

i  i .  n 

(air  contains  23.15%  of  oxygen  by  weight). 

Similarly,  the  maximum  volume  of  sulphur  dioxide  in  the  combustion  gases  is  21%  (air 
contains  20.84%  of  oxygen,  by  volume). 

However,  it  would  not  be  possible  to  obtain  complete  combustion  with  this  amount  of  ox- 
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ygen,  and  it  is  necessary  to  allow  an  excess  of  air  above  theoretical.  If  it  proved  necessary 
to  use  100%  excess  air,  a  weight  of  air  equal  to  eight  or  nine  times  the  weight  of  sulphur 
would  have  to  be  introduced,  and  one  would  obtain  only  10%  of  S02  in  the  gas.  Generally, 
12-  16%  is  obtained,  or  an  average  of  14%. 

Precaution.  In  the  presence  of  water,  sulphur  burns  to  give  sulphuric  anhydride,  S03,  in- 
stead of  sulphurous  anhydride,  S02.  On  reacting  with  water,  S03  immediately  forms 
sulphuric  acid.  It  is  therefore  necessary  to  exercise  the  greatest  possible  care  to  avoid  the  in- 
troduction of  water  into  the  sulphur  furnace. 

Accordingly,  the  air  for  combustion  of  the  sulphur  should  always  be  dried.  For  this  pur- 
pose, the  air  is  passed  over  quicklime,  which  has  a  great  affinity  for  water  and  absorbs  the 
moisture  from  the  air. 

It  is  advisable  to  renew  the  quicklime  before  it  has  become  completely  saturated.  This  may 
be  done  for  example  at  each  change  of  shift,  that  is,  every  8  h.  This  is  a  detail  which  does 
not  always  receive  sufficient  attention  in  certain  sulphitation  factories,  and  it  proves  very  ex- 
pensive in  loss  of  sugar,  and  in  corrosion  of  plates  and  of  pipes. 

Sulphur  furnaces 

In  Fig.  25.  ]  is  shown  a  sulphur  furnace  of  the  type  most  commonly  used,  being  that  furnished 
with  the  Quarez  sulphitation  apparatus. 

It  is  composed  of  trays  in  the  form  of  drawers  sliding  in  suitable  guides.  On  the  lower  tray, 
by  which  the  combustion  air  enters,  is  placed  the  quicklime.  The  air  then  passes  to  the  upper 
plate,  on  which  is  spread  the  sulphur.  Baffles  deflect  the  air  and  force  it  to  pass  in  contact 
with  the  quicklime  and  the  sulphur.  In  the  absence  of  these  baffles  the  output  of  the  furnace 
would  fall  by  half. 

At  the  outlet  of  the  sulphur  compartment  the  gas,  which  now  contains  12-  16%  of  SO2, 
rises  to  the  aspirator  of  the  sulphitation  apparatus,  by  way  of  a  sublimation  chamber  and 
a  jacketed  water-cooled  flue. 

The  water  which  has  served  to  cool  this  flue  then  passes  over  the  furnace,  which  it  cools 
in  turn. 

These  precautions  have  the  object  of: 

(7)  Protecting  the  metal  of  the  furnaces,  which  would  corrode  very  quickly  if  it  were  taken 
to  red  heat. 

(2)  Condensing  the  portion  of  the  sulphur  which  has  sublimed.  In  the  furnace,  the  greater 
part  of  the  sulphur  burns  to  form  S02,  but  there  is  always  some  which  sublimes  and  rises 
in  the  form  of  vapour,  especially  if  insufficient  air  is  admitted. 

(3)  Cooling  the  sulphurous  gas  before  allowing  it  to  come  into  contact  with  the  juice. 

Temperature.  At  1,200°C  (2,200°F),  sulphur  dioxide  decomposes: 

so2  -  S  +  o2 

and  the  nascent  oxygen  immediately  reacts  with  the  ambient  S02  to  produce  sulphur  trioxide, 
or  sulphuric  anhydride: 
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so2  +  O  -  SO3 

This  reaction  begins  to  be  noticeable  above  900°C  (1,650°F).  This  is  a  further  important 
reason  against  allowing  any  part  of  the  furnace  to  reach  red  heat,  or  forcing  the  combustion 
to  a  local  high  rate  (this  is  possible  with  certain  furnaces  using  compressed  air  supplied 
through  nozzles). 

To  remove  any  sulphuric  acid  which  may  have  formed,  the  gas  is  generally  washed  by  bub- 
bling through  water.  The  Quarez  furnaces,  in  which  combustion  is  well  controlled,  do  not 
provide  washers,  and  the  gas  which  they  produce  is  practically  free  from  sulphuric  acid,  if 
the  furnace  is  well  operated. 

The  furnace  temperature  is  320  -  350°C  (610  -  660°F),  with  260  -  290°C  (500  -  550°F)  at 
the  outlet.  A  temperature  of  300°C  (570°F)  should  not  be  exceeded  at  this  point,  as  this 
would  cause  sublimation. 

After  the  cooler,  the  gas  temperature  should  drop  to  between  100  and  205°C  (212  -400°F). 

Capacity.  For  optimum  performance,  the  tray  area  for  a  sulphur  furnace  should  provide 
for  a  capacity  of  20-25  kg  sulphur/m2/h  (4-5  lb./sq.ft./h).  It  is  sometimes  possible  to 
work  at  35  kg/m2/h  (7  Ib./sq.ft./h)  (Honig1). 

Where  compressed  air  is  used,  air  requirements  may  be  estimated  at  6  m3  (assumed  at  0°C 
and  760  mm  pressure)  per  kg  of  sulphur  (100  cu.ft./lb.)-  This  quantity  corresponds  to  a  gas 
of  about  12%  S02. 

Lime  consumption.  In  practice,  this  may  be  estimated  at  0.3  kg/m3  (0.02  lb./cu.ft.)  of  air 
introduced  into  the  furnace. 

This  corresponds  to  about  1.75  kg  CaO/kg  sulphur.  The  consumption  of  quicklime 
therefore  should  be  about  twice  that  of  sulphur. 

Sulphur  consumption.  The  quantity  of  sulphur  consumed  depends  on  the  clarification  pro- 
cedure adopted,  on  the  final  acidity  sought,  and  on  the  quantity  of  lime  added  in  the  defeca- 
tion. 

For  a  given  final  pH  of  juice,  it  may  be  reckoned  that  each  kg  of  sulphur  used  corresponds 
to  an  additional  consumption  of  2.2  lb  of  lime2. 

In  general,  when  sulphitation  of  juices  is  practised,  sulphur  consumption  is  0.25 — 0.50 
parts  per  1,000  of  cane,  or  0.3-0.45  kg  per  tonne  cane  (0.6-  1.0  lb. /ton). 

If  both  juice  and  syrup  are  sulphited,  about  0.9  kg  (2  lb.)  of  sulphur  is  used  per  tonne  of 
cane. 

Sulphitation  apparatus 

Formerly,  the  sulphitation  apparatus  almost  universally  adopted  in  French  sugar  factories 
was  the  Quarez,  so  called  after  the  name  of  its  inventor  (Fig.  25.1). 

It  consists  of  a  rectangular  tank  divided  into  2  unequal  and  connected  compartments.  The 
juice  to  be  sulphited  is  fed  into  the  smaller  compartment.  It  is  picked  up  by  a  pump  which 
takes  it  to  the  SO2  aspirator.  This  is  designed  in  the  form  of  a  nozzle,  on  the  usual  principle 
of  an  ejector.  Thus  it  produces  an  aspiration  of  the  sulphurous  gas,  and  the  sulphitation  takes 
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Sulphur 
furnace 


Circulation  pump 
Fig.  25.1.  Quarez  and  sulphur  furnace. 


place  by  contact  and  mixing  in  the  vertical  descending  column  returning  the  juice  to  the  tank. 

The  nitrogen  and  oxygen  accompanying  the  SOz  in  the  furnace  gases  are  released  as  bub- 
bles at  the  bottom  of  this  column  and  are  rejected  to  the  atmosphere  by  a  small  vent  pipe. 

The  pump  is  designated  by  the  name  "Quarez  circulation  pump".  Its  output  regulates  the 
degree  of  sulphitation  obtained.  The  SO2  content  of  the  juice  will  therefore  be  varied  by 
regulating  the  speed  of  this  pump. 

In  general,  it  should  be  capable  of  an  output  at  least  equal  to  1.5  times  the  volume  of  juice 
to  be  treated. 

The  Quarez  is  now  being  replaced  by  a  sulphitation  column,  which  eliminates  the  circula- 
tion pump,  and  the  standard  sulphur  furnace  with  trays  is  being  replaced  by  a  rotary  furnace, 
which  is  more  efficient  (Fig.  25.2). 

Sulphitation  procedures 

The  standard  sulphitation  process  was  the  following: 

(a)  Cold  sulphitation.  Starting  with  the  mixed  juice: 
Sulphite  to  pH  of  3.8  (control  by  methyl  orange  or  bromphenol  blue) 
Lime  to  pH  of  7.0  (control  by  bromcresol  purple  or  phenol  red) 
Heat  to  boiling  and  pump  to  the  clarifier. 
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Fig.  25.2.  Rotary  sulphur  furnace  and  sulphitation  column  (Fives  Cail  -  Babcock). 

The  sulphitation  may  be  stopped  at  a  pH  of  4.0  or  4.5  according  to  the  results  obtained. 
The  final  pH  sought  is  6.9-7.0.  In  other  words,  the  juice  passing  to  the  heaters  should  be 
neutral,  or  slightly  acid. 

Before  the  advent  of  pH  control,  this  point  was  obtained  by  checking  that  the  juice  did 
not  turn  phenolphthalein  paper  pink,  nor  turn  litmus  paper  blue. 

(b)  Hot  sulphitation.  Sulphitation  involves  the  production  of  calcium  sulphite.  This  salt 
is  more  soluble  cold  than  hot,  the  minimum  solubility  occurring  in  the  neighbourhood  of 
75°C  (165°F);  it  is  thus  deposited  in  the  tubes  of  the  heaters,  in  cold  sulphitation. 

To  avoid  this  drawback,  the  standard  sulphitation  process  is  modified  as  follows.  Starting 
from  the  mixed  juice,  it  undergoes: 
Heating  to  70-80°C  (160-  175°F) 
Sulphitation 
Liming 

Heating  to  boiling 
Pumping  to  clarifier. 

In  1945,  the  sulphitation  procedure  in  use  in  Java  was  the  following3: 
Heating  to  50°C  (122°F) 
Liming 
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Sulphitation  to  pH  of  7.2 
Reheating  to  boiling 
Settling. 

From  the  point  of  view  of  colour  and  colloid  elimination,  the  Java  procedure,  investigated 
in  the  laboratory  in  India,  was  judged  to  be  the  best  sulphitation  process. 
Hot  sulphitation  reduces  appreciably  the  quantities  of  lime  and  SO2  required. 

(c)  Fractional  liming  and  sulphitation.  Hot  sulphitation  is  sometimes  used  with  success  in 
the  clarification  of  refractory  juices.  When  it  proves  insufficient,  better  results  are  sometimes 
obtained  by  modifications  similar  to  the  following  procedure,  for  example,  which  was 
developed  in  India4: 
Pre-liming  to  pH  of  8.0 
Heating  to  50  or  70°C  (122  or  158°F) 
Sulphitation  to  pH  of  5.1  -5.3 
Second  liming  to  pH  of  7.0-7.2 
Reheating  to  boiling. 

In  Mauritius,  where  the  juices  are  easier  to  treat,  the  following  has  been  devised: 
Heating  to  55  or  60°C  (130°  or  HOT) 
Pre-liming  to  0.4  g  CaO  per  litre 
Sulphitation  to  0.4  g  SO2  per  litre 
Final  liming  to  pH  of  7.4 
Reheating  to  boiling. 

Should  sulphitation  be  done  before  or  after  liming? 

Sulphitation  may  equally  well  be  done  before  liming,  or  liming  before  sulphitation.  The  im- 
portant point  is  that  the  same  final  pH  should  be  reached  in  the  juice  going  to  the  subsiders. 
However,  it  is  not  entirely  unimportant  which  method  is  followed.  The  rapidity  of  settling 

ind  the  volume  of  muds  depend  on  the  reaction  of  the  medium  in  which  the  precipitate  is 

brmed: 

(a)  If  it  is  formed  in  an  alkaline  medium,  it  will  be  hydrated,  hence  an  increase  in  the 
/olume  of  muds 

(b)  If  formed  in  an  acid  medium,  the  speed  of  settling  will  be  greater  and  the  muds  more 
:ompact. 

In  practice,  the  following  differences  are  acknowledged: 

(1)  Liming  before  sulphitation.  Settling  is  slower;  volume  of  muds  is  greater,  requiring  a 
greater  capacity  in  filter  presses. 

Hot  pre-liming  decreases  these  disadvantages. 

(2)  Sulphitation  before  liming.  It  follows  that,  in  general,  the  second  process  is  preferable. 
It  is  particularly  indicated  in  the  case  of  treating  immature  cane,  as  is  the  general  practice 
n  Louisiana. 

A  good  coagulation  of  impurities  requires  that  before  the  addition  of  lime,  the  sulphitation 
should  be  made: 
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(a)  At  high  acidity  (pH  3.8-4.0)  and  low  temperature  (30-40°C;  86-  104°F) 

(b)  At  low  acidity  (pH  5.1-5.3)  and  high  temperature  (70-75°C;  160-  165°F). 

From  the  point  of  view  of  impurity  elimination,  which  is  measured  by  rise  in  purity  bet- 
ween raw  and  clarified  juice,  reports  are  conflicting.  For  example,  we  have  noted  two  con- 
tradictory points  of  view  coming  from  the  same  country  (India5,6).  It  is  probable,  then,  that 
results  alter  according  to  circumstances,  and  it  is  best  to  try  both  methods. 

Indian  technologists  moreover  insist  that  the  two  operations,  liming  and  sulphitation, 
should  be  carried  out  simultaneously,  as  nearly  as  possible.  They  are  carried  out  in  the  one 
vessel,  and  this  ensures  that  the  results  are  superior  to  those  obtained  either  with  sulphitation 
first  or  with  liming  first. 

It  is  important  to  ensure  above  all  that  the  juice  is  not  held  at  high  alkalinity  and  high 
temperature  at  the  same  time,  as  this  would  destroy  reducing  sugars  and  would  increase  for- 
mation of  colour. 

Advantages  and  disadvantages  of  sulphitation 

On  comparing  the  practical  results  of  sulphitation  with  those  of  ordinary  defecation,  the 
following  advantages  and  disadvantages  may  be  noted: 

Advantages: 

(/)  The  juice  settles  more  rapidly  (hence  improved  capacity  of  subsiders) 

(2)  The  massecuites  are  less  viscous  and  boil  faster 

(3)  Better  crystallisation  in  consequence 

(4)  Marked  improvement  in  colour  of  the  sugar 

(5)  Savings  in  time  in  clarification  and  boiling 

(6)  Slight  gain  in  capacity  of  centrifugals 

(7)  Better  elimination  of  phosphates  and  waxes  (Douwes  Dekker7),  leading  to  better  refin- 
ing quality  and  filterability  of  the  sugar  produced. 

Disadvantages: 

(1)  Much  heavier  deposits  in  heaters;  these  may  be  avoided  by  sulphiting  hot,  but  this  in- 
volves an  increase  in  the  heating  surface  required 

(2)  Higher  ash  content  of  the  sugar  obtained8 

(3)  Greater  expense  (Quarez,  circulation  pump,  sulphur,  corrosion  of  vessels  and  pipes, 
etc.). 

Sulphitation  of  syrup 

One  of  the  best  methods  of  obtaining  white  sugar  is  to  proceed  to  a  second  sulphitation,  after 
evaporation. 

Lime  is  added,  and  sulphur  dioxide.  The  operation  is  generally  carried  out  on  the  syrup, 
after  the  multiple  effects,  but  in  Hawaii  sulphitation  of  juice  from  the  3rd  effect  has  been 
practised,  removing  this  juice  from  the  3rd  effect  and  returning  it  continuously. 

Lime  and  SO2  were  added  simultaneously,  maintaining  the  pH  in  the  neighbourhood  of 
7.0.  The  quantity  of  lime  varied  from  1.6  to  2.0  kg/tonne  cane  (3.5-4.5  lb. /ton),  and  that 
of  sulphur  from  1.4  to  1.8  kg/tonne  (3  -  4  lb. /ton)9.  The  juice  treated  was  filtered  on  aVallez 
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filter,  and  the  cakes  obtained  sent  to  the  Oliver  filter  used  in  clarification.  On  entering  the 
4th  effect,  the  pH  was  7.1. 

The  processes  vary  somewhat,  but  generally  consist  of  heating,  sulphiting,  and  filtering. 
Deerr10  recommends  adding  milk  of  lime  to  the  extent  of  2-2.5%  on  weight  of  syrup,  or 
0.3-0,4%  of  quicklime.  Sulphitation  to  neutrality  follows  immediately;  the  dense 
precipitate  formed  is  filtered,  and  the  juice  is  re-sulphited  to  a  slight  acidity. 

In  India11  the  syrup  is  maintained  between  6.0  and  5.5  pH,  and  consumes  only  0.1  -0.2 
kg  of  sulphur/tonne  cane  (0.25-0.4  lb. /ton). 
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26.  Clarification  with  Phosphoric  Acid 


Role  of  phosphoric  acid  in  the  juice 

Phosphoric  acid  occurs  in  the  cane  in  two  principal  forms: 

(a)  Soluble  phosphates  of  the  juice 

(b)  In  combination  as  protein  in  the  cell  material. 

The  latter  compounds  being  insoluble,  only  the  soluble  phosphates  take  part  in  the  defeca- 
tion. They  react  with  the  lime  and  form  a  precipitate  which  constitutes  an  important  part  of 
the  floe  produced  in  the  juice  by  the  lime. 

It  has  been  shown  that  the  greater  the  amount  of  phosphoric  acid  in  the  juice,  the  easier 
is  the  clarification.  The  mean  phosphate  content  of  normal  juice  is  approximately  250  mg 
P2O5  per  litre. 

Unfortunately,  certain  varieties  of  cane  give  a  juice  poor  in  phosphoric  acid,  and  which 
is  difficult  to  treat.  These  are  the  canes  termed  "refractory",  typical  of  which  is  POJ  2878. 

These  juices  are  improved  by  adding  to  them  artificially,  before  defecation,  the  quantity 
of  phosphoric  acid  by  which  they  are  deficient. 

Quantity  of  phosphoric  acid  necessary 

This  quantity  will  therefore  vary,  depending  on  the  variety  of  cane  and  the  circumstances. 
It  is  considered  in  general  that  at  least  300  mg  of  P2O5  are  required  per  litre  of  juice.  Now, 
certain  canes,  such  as  POJ  2878  and  Co  290,  have  generally  only  200  mg,  and  sometimes  as 
little  as  50  mg.  It  is  therefore  necessary  to  add  the  balance. 

Action  of  phosphoric  acid  on  the  juice 

The  phosphoric  acid  adde4  to  the  juice  precipitates  part  of  the  colloids  and  colouring  matter 
which  it  contains. 

The  precipitate  formed  with  lime  is  mainly  tricalcium  phosphate.  This  unfortunately  is  a 
gelatinous  precipitate  and  difficult  to  filter. 

Forms  in  which  phosphoric  acid  is  used 

Phosphoric  acid  is  available  commercially  for  use  in  the  sugar  factory  in  powder  or  paste 
form:  Packard  superphosphate,  asbuslite,  sumaphos,  etc.  Failing  these,  ordinary  super- 
phosphate or  dicalcium  phosphate  may  be  used. 

These  materials  contain  30-60%P2O5;  sumaphos,  42%;  dicalcium  phosphate,  38-42%. 

They  are  diluted  to  form  a  solution  of  12°  or  15°  Baume. 

Procedures 

The  phosphoric  acid  will  be  added  before  liming.  Then  follows  the  clarification  process 
which  has  been  adopted.  To  obtain  the  same  pH  after  liming,  it  will  evidently  be  necessary 
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to  add  more  lime,  in  order  to  neutralise  the  added  acid;  this  will  have  reduced  the  original 
pH  of  the  juice,  generally  about  5.5,  to  4.5  or  4.6  for  an  average  dose.  However,  certain  per- 
sons consider  that,  in  practice,  the  use  of  phosphoric  acid  leads  to  a  saving  in  lime. 

Phosphoric-acid  clarification  may  without  difficulty  be  combined  with  sulphitation.  For 
example,  the  following  is  a  procedure  employed  on  refractory  juices  in  India1: 
Addition  of  phosphoric  acid  to  the  mixed  juice 
Liming  to  pH  ^  8 

Heating  to  70  or  75°C  (160  or  I65°F) 
Sulphitation  to  pH  of  6.8  -  7.0. 

Advantages 

The  use  of  phosphoric  acid  improves  the  clarification  of  refractory  juices. 

It  often  permits  of  eliminating  the  sulphitation.  In  other  words,  it  is  possible,  to  a  certain 
extent,  to  replace  sulphurous  by  phosphoric  acid. 

Considered  from  this  angle,  phosphoric-acid  clarification  is  much  less  expensive  than 
sulphitation,  does  not  require  special  equipment,  avoids  corrosion  of  plates  and  pipes,  and 
reduces  scaling  at  heaters  and  multiple  effects. 

However,  phosphoric  acid  should  rather  be  regarded,  not  as  a  replacement,  but  as  an  ad- 
junct to  the  clarification,  which  should  be  considered  when  exceptional  difficulties  are  en- 
countered in  subsidation  or  filtration. 
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27.  Carbonatation 


Action  of  carbon  dioxide  on  juice 

Carbonatation  was  originated  in  the  beet  sugar  factory  by  Perier  and  Possoz,  in  1859.  They 
reported  that,  if  a  precipitate  of  calcium  carbonate  be  formed  in  the  juice,  it  entraps  colour- 
ing matter  and  gums,  if  the  reaction  remains  alkaline,  and  thus  furnishes  a  marked  additional 
degree  of  clarification.  The  precipitate  so  formed  is  granular  and  filters  easily: 

C02  +  Ca(OH)2  -  CaCOji  +  H20 

The  same  reaction  has  been  utilised  in  the  cane  sugar  factory.  However,  though  carbonata- 
tion is  general  practice  with  beet,  it  remains  the  exception  with  cane. 

Procedures 

There  are  various  ways  of  operating,  the  most  important  of  which  are: 
Single  Carbonatation 
Double  Carbonatation 
De  Haan  Carbonatation 
Middle-juice  Carbonatation 

Double  carbonatation,  which  is  more  effective  than  single,  comprises  in  general: 
Heavy  liming 

Carbonatation  leaving  a  very  high  alkalinity 
Filtration 

Second  carbonatation  until  the  alkalinity  falls  to  a  very  low  value 
Boiling 

Second  filtration. 

Carbonatation  should  never  be  carried  out  at  a  temperature  above  55°C  (131  °F),  the  max- 
imum permissible  if  destruction  of  reducing  sugars  is  to  be  avoided.  Reducing  sugars,  apart 
from  their  value  in  the  distillery,  serve  to  prevent  the  loss  of  a  corresponding  quantity  of 
sucrose  in  the  molasses. 

On  the  other  hand,  below  45°C  (113°F),  the  reaction  is  very  slow  and  incomplete.  One 
must  be  careful,  therefore,  to  approach  55°C  (131  °F),  and  to  conserve  a  margin  of  safety 
in  both  directions,  a  temperature  of  50°C  (122°F)  is  generally  maintained. 

This  temperature  is  obtained  either  by  passing  the  juice  through  a  heater,  or  by  means  of 
steam  pipes  in  the  bottom  of  the  carbonating  tanks. 

In  the  course  of  the  first  carbonatation,  there  is  formed  by  the  lime,  the  C02  and  the  juice, 
a  sucro-carbonate  of  lime: 


Ct2H22On,  3  CaCQ3,  2  Ca(OH)2 
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which  is  gelatinous  and  insoluble,  and  would  hold  a  large  quantity  of  sugar  in  combination. 
Fortunately,  it  is  decomposed  after  a  certain  time. 

This  viscous  compound  also  promotes  the  formation  of  abundant  froth. 

The  juice  will  therefore  be  held  in  the  carbonating  tank  for  a  time  of  25  min  for  the  first 
carbonatation,  say  30  min  including  filling  and  emptying,  and  a  total  of  15  mm  for  the  se- 
cond. The  capacity  of  the  2nd  carbonatation  tanks  should  therefore  be  half  that  of  the  first, 

Double  carbonatation.  The  considerations  which  have  given  rise  to  double  carbonatation 
are  the  following; 

(1)  If  the  action  of  C02  were  pushed  to  the  limit,  the  insoiubfe  lime  salts  formed  would 
be  decomposed,  and  would  thus  be  re-dissolved  in  the  juice.  Hence  the  carbonatation  is  stop- 
ped at  the  degree  of  alkalinity  desired  to  prevent  this  decomposition.  After  filtration,  which 
removes  these  salts,  carbonatation  may  be  continued,  or  rather  a  second  carbonatation  com- 
menced, which  will  then  be  carried  practically  to  neutrality, 

(2)  Large  pieces  of  poorly  mixed  lime  would  continue  to  dissolve  slowly  after  a  first  car- 
bonatation, and  would  gradually  render  the  reaction  alkaline.  When  the  juice  passes  to  the 
healers,  the  reducing  sugars  would  suffer  decomposition  (since  such  decomposition  occurs 
at  high  pH  and  high  temperatures),  and  the  juices  wcuid  again  deve/op  colour,  The  first 
filtration  and  the  second  carbonatation  eliminate  these  pieces  of  lime  and  so  stabilise  the  pH. 

In  beet  sugar  work,  sometimes  even  3  successive  carbonatations  are  carried  out. 

Sulphitation.  With  the  same  object  of  removing  all  alkalinity,  sulphitation  may  be  combin- 
ed with  carbonatation  by  sulphitmg  after  the  first  fiUration,  to  neutrality  or  slight  acidity. 
This  is  the  process  which  would  give  the  best  white  sugar. 
It  renders  the  second  carbonatation  superfluous, 

In  Formosa1,  doui?2e  carbonatation  is  operated  with  double  sulphitation.  The  juice  is 
heated  to  5S°C  (i3l°F),  carbonated  batchwise  for  10-  IS  min  in  a  vertical  tower,  while  the 
milk  of  lime  at  15°  Be  is  introduced  at  the  top  of  the  tower,  in  the  ratio  of  about  2%  on 
weight  of  juice;  the  juice  thus  reaches  a  pH  of  10.5,  which  gives  a  copious  precipitate  of  lime 
salts  entraining  colloids.  The  further  steps  are  as  follows:  1st  filtration  (using  0.7  -0,8 
mVt.c.h.  (75-85  sq.ft./t.c.h.));  heating  to  85°C  (1 85 °F);  second  (continuous)  carbonata- 
tion, to  remove  the  excess  lime  salts,  to  a  pH  of  8.5;  second  filtration  (2.8-3.2  mVt.c.h. 
(30-35  sq.ft./t.c.h.)  of  filter-press  area);  1st  sulphitation  to  neutrality;  evaporation10  °°° 
brix;  2nd  sulphitation  and  3rd  filtration.  This  gives  a  clear  and  colourless  syrup  which  goes 
to  the  vacuum  pans.  The  process  gives  a  sugar  of  99.6  -  99.9%  pol,  0.04%  moisture,  0,04% 
reducing  sugars  and  0.06%  ash. 

De  Haan  carbonatation.  De  Haan  has  conceived  the  idea  of  adding  the        and  C02 
simultaneously,  So  that  the  alkalinity  remains  relatively  low. 
This  procedure  has  the  great  advantages  of: 

(1)  Suppressing  the  frothing 

(2)  Avoiding  the  formation  of  the  gelatinous  sucro-carbonate. 

juice  js  heated  to  55  °C  (J 31  °F)  m  the  heaters  and  sent  to  the  carbonating  tanks.  Gas 
w  ifltfOduced  at  the  same  time  as  the  milk  of  lime  is  run  in,  so  maintaining  the  pH  at  a  cons- 
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tant  value,  which  is  checked  with  the  aid  of  a  special  phenolphthalein  paper  treated  with  ox- 
alic acid,  and  which  changes  colour  at  a  given  alkalinity.  When  the  desired  quantity  of  lime 
has  been  introduced,  the  carbonatation  is  continued  to  neutrality  to  phenolphthalein,  and  is 
finished  as  for  single  carbonatation. 

This  process  permits  of  a  substantial  economy  in  space,  while  increasing  the  capacity  of 
the  heaters,  and  giving  a  marked  economy  in  lime  consumption,  with  a  slight  rise  in  purity, 
and  gives  a  better  quality  sugar.  It  is,  according  to  Douwes  Dekker2,  the  process  which 
assures  the  best  elimination  of  non-sugars. 

Middle-juice  carbonatation.  The  term  "middle  juice"  is  used  to  designate  juice  which  has 
been  partially  concentrated,  and  withdrawn  from  the  evaporators  at  a  point  where  it  has 
reached  35  -  42°  brix. 

Middle-juice  carbonatation  commenced  about  1938  in  Java,  but  is  today  confined  to  For- 
mosa, where  it  is  gradually  extending  (Chou3).  It  consists  of  the  following  stages: 

(1)  Heat  the  juice  to  101. 5°C  (215°F) 

(2)  Add  lime  to  pH  7.0-7.2 

(3)  Send  the  juice  thus  limed  to  the  evaporators,  where  it  is  passed  through  vessels  1,2  and 

4; 

It  leaves  at  about  35-42°  brix  and  55  °C;  the  choice  of  the  latter  vessel  is  made  because  this 
temperature  is  the  optimal  for  carbonatation 

(4)  Lime  and  carbonate  to  pH  of  9.8  -  10.3 
(J)  Filter 

(6)  Second  carbonatation  to  pH  of  8.2  or  8.5 

(7)  Heat  to  77 -80°C  (170- 175°F) 

(8)  Second  filtration 

(9)  Sulphitation  to  pH  of  7.0  or  7.3 

(10)  Return  to  the  evaporators,  to  3rd  vessel 

(11)  Second  sulphitation  to  pH  of  6.0-6.2. 

This  process  would  offer  the  advantage  of  reducing  substantially  the  consumption  of  lime, 
by  about  40%;  of  giving  a  better  purification  and  a  greater  elimination  of  non-sugars;  of  giv- 
ing a  better-quality  sugar;  of  considerably  decreasing  scale  formation  in  the  multiple  effects, 
with  consequent  economy  in  soda  ash  for  cleaning  of  the  vessels. 

On  the  other  hand,  it  is  very  sensitive  to  operate  and  necessitates  close  control. 

Quantities  of  lime  necessary 

Table  27.1,  after  Prinsen  Geerligs4,  gives  the  quantities,  in  kg/tonne  cane,  of  lime  required 
for  the  principal  clarification  procedures,  also  for  the  corresponding  quantities  of  limestone 
and  other  primary  materials. 
We  have  completed  this  table  by  adding  the  last  line. 

Honig5  estimates  25  -  30  kg  (55-65  lb.)  of  limestone  per  t.c.  (probably  for  de  Haan  car- 
bonatation); 15  kg/t.c.  (33  lb. /t.c.)  in  the  case  of  middle-juice  carbonatation. 
Rault6  states  that  the  more  lime  used,  the  better  is  the  elimination  of  gums. 
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MATERIALS  USED  FOR  THE  VARIOUS  CLARIFICATION  METHODS  (kg/t.C, 

X  2.2  for  lb./t.C.) 

CaO 

Limestone 

Coke 

Sulphur  Pa  05 

Sulphitation 

0.8-1.5 

0.5 

Sulphitation  and  phosphoric  acid 

1 

0.1  0.1 

Single  carbonatation 

18 

35 

4 

0.2 

Continuous  double  carbonatation 

18 

35 

4 

0.2 

Ordinary  double  carbonatation 

20-23 

40-45 

4.4 

0.2 

De  Haan  carbonatation 

12 

23 

2.5 

Middle-juice  carbonatation 

9 

20 

2 

Lime  kiln 

The  COi  necessary  for  the  carbonatation  is  produced  at  the  same  time  as  the  lime,  in  a  lime 
kiln  adjacent  to  the  factory. 

As  lime  is  a  solid  material  and  comparatively  easy  to  store,  defecation  factories  can  buy 
it  from  outside  suppliers.  Carbon  dioxide  being  a  gas,  it  has  so  far  not  been  possible  to  pro- 
cure it  other  than  by  preparing  it  on  the  site,  using  as  raw  material  limestone  or  coral,  which 
consists  of  more  or  less  pure  calcium  carbonate;  quicklime  is  obtained  at  the  same  time: 

CaCOj  -  CaO  +  C02 

Fuel.  In  order  to  promote  this  dissociation,  it  is  necessary  to  supply  in  practice  about  700 
kcal/kg  (1,260  B.T.U./lb.)  of  limestone.  This  heat  is  obtained  by  burning  coke  or  other  fuel 
in  the  kiln.  To  ensure  the  proper  distribution  of  the  heat  in  the  mass  of  limestone,  layers  of 
coke  and  of  limestone  are  fed  into  the  kiln  alternately. 

Generally,  8  -  10  kg  of  coke  are  used  per  100  kg  of  limestone.  In  exceptional  cases,  this 
is  reduced  to  7  kg. 

The  coke  contains  75-90%  carbon,  averaging  85%.  Its  calorific  value  is  about  7,000 
kcal/kg  (12,600  B.T.U./lb.). 

In  Java,  a  mixture  of  coke  and  charcoal  is  used  as  fuel,  in  the  proportion  of  1  of  coke 
to  10  of  charcoal.  On  starting  the  kiln,  the  first  two  layers  are  prepared  using  1  of  coke  to 
5  of  charcoal. 

Tromp7  reports  that  bagasse  has  been  used  successfully  as  fuel  in  lime  kilns,  with  excellent 
results. 

Limestone.  The  limestone  is  obtained  either  from  limestone  quarries  or  from  coral 
deposits. 

Limestone  generally  contains  85  -98%  of  CaC03,  averaging  90%.  Coral  deposits,  such  as 
those  normally  used  in  lime  kilns  in  Mauritius  and  Reunion,  contain  87  —  94%  of  CaCOj. 
Again,  90%  may  be  taken  as  an  average  figure. 

Coral  limestone,  if  recently  recovered  from  the  sea,  should  be  washed  or  left  in  the  rain, 
to  remove  the  salt  which  it  contains.  It  is  recommended  that  coral  lime  with  a  high  proportion 
of  magnesia  should  be  avoided.  This  recommendation  is  rather  inconsistent  with  the  pro- 
cedures described  in  Chapter  28. 
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It  is  desirable  to  use  stones  of  approximately  the  same  size,  otherwise  the  large  pieces  will 
be  insufficiently  burnt  ("underburnt"),  and  the  smaller  ones  overburnt.  The  pieces  of  coke 
should  be  about  half  the  size  of  the  pieces  of  limestone  (0.5-0.6). 

Operation  of  the  kiln.  The  temperature  in  the  kiln  should  be  maintained  between  certain 
limits:  if  it  exceeds  1,350°C  (2,460°F)  it  gives  what  is  known  as  "dead-burnt"  lime,  i.e.  an 
inert  and  unsuitable  lime. 

The  dissociation  of  limestone  begins  at  about  600°C  (1,110°F).  The  temperature  of  a  good 
lime  kiln  is  maintained  between  1,100  and  1,300°C  (2,000  and  2,400°F). 

Kiln.  We  give  in  Fig.  27.1  a  view  of  a  Khern  lime  kiln,  which  is  the  type  most  used.  Charg- 
ing (by  skip)  is  effected  at  the  top,  also  removal  of  the  C02;  ignition  of  the  fuel,  and  removal 

of  the  lime,  from  the  bottom. 

The  gas  leaves  at  a  temperature  of  70  -  120°C  (160  -  250°F),  and  passes  through  a  washer- 
cleaner  and  dust  remover  which  reduces  it  to  about  60°C  (140°F).  At  this  temperature,  1  kg 
of  C02  occupies  617  litres  under  atmospheric  pressure  (10  cu.ft./Ib.). 

Capacity  of  lime  kilns.  This  capacity  is  very  variable.  Tromp*  estimates  a  production  of 


Fig.  27.1.  Lime  kiln  (sectional  view). 
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370-  3,235  kg  CaO/24  h/m3  (23-77  lb.  CaO/24  h/cu.ft.)  of  volume.  A  figure  of  480 
kg/m3/24  h  (30  lb./cu.ft./24  h)  may  be  taken  as  an  average. 

Composition  of  gas.  Let  us  assume  the  following  conditions: 
Limestone  at  90 %  CaCOj 
Coke  at  85%  carbon 
Proportion  of  coke  to  stone  =  8%. 

The  dissociation  gives: 

CaC03  -    CaO    +  C02 
%  of  limestone:  100  56  44  (27.1) 

Theoretical  weights:        90  g         50.4  g       39.6  g 

This  decomposition  is  endothermic  and  absorbs  42.5  kcal  per  mol,  or  say  425  kcai/kg 
CaCOj  (765  B.T.U./lb.). 
This  39.6  g  CO2  will  occupy  a  volume  of: 

22.4  X  =  20.16 

The  combustion  of  the  8%  of  coke  used  to  furnish  the  necessary  heat  for  the  dissociation 
will  give: 

C      +  o2     -  co2 

%  of  limestone  (0.08  x  0.85  =  0.068):  12  32  44  (27.2) 

Theoretical  weights:  6.8  g      18.1  g     24.9  g 

In  volume:  12.67  1      12.67  1 


since: 


22.4  X        =  22.4  X  — —  =  12.67  1 
32  44 


But  the  12.67  1  of  oxygen  bring  with  them: 


12.67  X—*  =  48.13  1  of  nitrogen 
20.84 


The  maximum  proportion  of  C02  therefore  is: 

(20.16  +  12.67)  100       32.83  X  100 


20.16  +  12.67  +  48.13  80.96 


=  40% 


In  practice,  it  is  not  possible  to  operate  with  the  exact  theoretical  quantity  of  air,  and  it 
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is  necessary  to  tolerate  a  certain  excess  of  air.  It  follows  that  in  practice  the  proportion  of 
COz  by  volume  in  the  kiln  gases  varies  from  25  to  33%,  averaging  30%. 
The  uncombined  oxygen  in  the  gas  varies  from  0.5  to  8%. 

An  exceptional  performance  is  that  of  Tirlemont  Refinery9,  in  Belgium,  giving  38%  C02 
in  a  very  modern  and  improved  kiln,  and  reducing  the  coke  to  7%. 
We  may  comment  that,  for  the  conditions  adopted  above,  we  obtain: 

39.6  +  24.9  =  64.5  g 

of  C02  for  50.4  g  of  CaO,  or  about  128  gCO2/100  g  CaO.  Even  allowing  for  the  low  efficien- 
cy of  the  carbonating  tanks,  this  quantity  is  amply  sufficient  to  supply  the  carbonatation. 

CO2  pump 

The  C02  gas  leaving  the  washer  is  at  a  temperature  of  about  60°C  (140°F).  Its  pressure,  at 
the  suction  of  the  pump,  varies  from  -  5  to  -  12  cm  ( -  2  to  -  5  in.)  of  mercury,  most  often 
-7.5  to  -  10  cm  (-3  to  ~4  in.). 

The  delivery  pressure  varies  from  0.3  to  0.7  kg/cm2  (4-  (0  p.s.i.).  As  an  average,  we  may 
take  0.4  kg/cm2  (6  p.s.i.). 

Pumps  for  C02  are  fully  analogous  to  air  pumps,  which  we  shall  discuss  later  (Chapter 
40).  However,  they  do  not  require  water  cooling,  thanks  to  the  small  difference  between  suc- 
tion and  delivery  pressures. 

Specification  of  a  C02  pump.  To  fix  our  ideas,  let  us  take  a  concrete  example.  Given: 

Crushing  rate:  100  t.c.h. 

Consumption  of  CaO:  18  kg/t.c.  (40  lb./t.c.) 

Proportion  of  CaCC<3  in  limestone:  90% 

Limestone.  Basing  our  calculations  on  the  CaO  required,  we  see  from  the  reaction  (27.1) 
that  we  shall  require  per  tonne  cane: 

inn  1 

18  x  j^r  x  =  35.7  kg  (79  lb.)  limestone 

To  allow  for  losses  and  unburnt,  we  shall  allow  for 

35.7  X  1.05  =  37.5  kg/t.c.  (83  lb./t.c.) 

Density  of  C02.  Let  us  assume  that  the  withdrawal  of  gas  from  the  lime  kiln  is  carried  out 
at  an  absolute  pressure  of  68  cm  (27  in.)  of  mercury  (8  cm  vacuum).  The  density  of  CO2 
relative  to  air  is  1.529.  At  60°C  (140°F)  and  68  cm  absolute,  the  density  of  the  gas  will  be: 

1.293  X  1.529  x  —  x  1  .  -  1. 450  kg/m3  (0.091  lb./cu.ft.) 

76      1  +  (0.00367  x  60)  *  v 
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Volume  of  C02.  Our  calculation  for  the  composition  of  gas  has  shown  that  100  kg  of 
limestone  of  90%  CaC03,  with  coke  of  85%  C,  would  produce  about  64.5  kg  of  C02;  or, 
per  t.c: 

37.5  x  j~  =  24.2  kg  (53.5  lb.)  C02 

occupying  a  volume  of 

24  2 

=  16.68  m3  (588  cu.ft.) 

1 .45U 

Volume  of  gas.  We  have  seen  that  the  gas  contains  on  an  average  only  25  -  33%  CO2.  Bas- 
ing our  figures  on  30%,  we  shall  have  a  gas  volume  of: 

=  55.6  mVt.c.  (1,960  cu.ft. /t.c.) 

Total  volume.  For  100  t.c.h.,  we  shall  have: 

Vx  =  5,560  mVh  (196,000  cu.ft./h) 

Increasing  this  by  10%  for  safety: 

V2  =  5,560  x  1.10  =  6,116  mVh  (215,600  cu.ft./h) 

The  volumetric  efficiency  of  CO  2  pumps  varies  from  0.60  to  0.75.  Taking  0.70,  we  shall  re- 
quire: 

V3  =  k'l16  =  8,737  mVh  (308,000  cu.ft./h) 
0.'/ 

If  the  pump  is  double-acting,  we  should  have: 

W  x  2  x  L  x  S  x  /1  =  Kj  (27.3) 
L   =  stroke  of  the  pump,  in  m  (ft.) 

5    =  effective  area  of  the  plunger,  in  m2  (sq.ft.)  =  (irD2)/4  or  [ir  (Dz  -  d2)]/4 

D  =  diameter  of  the  pump,  in  m  (ft.) 

d   =  diameter  of  the  piston-rod  and  the  tail-rod,  in  m  (ft.) 

n   ~  speed  of  rotation  of  the  pump,  in  r.p.m. 

From  (27.3),  we  calculate  the  product,  nL  (D2  -  d2),  and  hence  the  specifications  for  the 
pump,  by  choosing: 

(1)  A  convenient  proportion  L/D 

(2)  A  reasonable  speed. 
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This  speed  should  be  maintained  constant,  otherwise  the  performance  of  the  kiln  will 
become  erratic  and  difficult  to  control. 

Power  for  the  pump.  On  account  of  the  small  difference  in  pressure  between  suction  and 
delivery  pressures,  the  C02  piston,  in  steam  pumps,  is  appreciably  greater  than  the  steam 
piston.  In  general,  its  diameter  is  double. 

Power  required  is  estimated  at  1.1-1.5  kW/mVh  (0.04-0.06  h.p./cu.ft./h). 

Carbonating  tanks 

The  carbonatation  is  generally  carried  out  batchwise  in  a  set  of  carbonating  tanks  or 
"boilers".  These  are  vertical  tanks,  of  rectangular  or  circular  cross-section.  They  hold  juice 
to  a  depth  of  2-3  m  (7-10  ft.),  and  the  tanks  extend  to  a  height  of  4-7  m  (13-23  ft.), 
the  difference  serving  to  allow  for  the  copious  frothing  of  the  first  carbonatation. 

The  tanks  for  the  second  carbonatation  are  identical  except  for  the  height,  which  is  less, 
as  the  frothing  is  practically  negligible. 

Rectangular  tanks  take  up  less  space  than  cylindrical  ones,  but  should  be  provided  with 
stay-rods  to  avoid  bulging  of  the  walls  under  the  pressure  of  the  juice.  Moreover,  the  juice 
near  the  corners  of  the  tanks  is  less  effectively  carbonated. 

The  carbonating  tanks  are  sometimes  provided  with  a  cover  which  leads  into  a  flue  serving 
to  evacuate  the  gas  after  it  has  passed  through  the  juice  in  the  tank.  Often,  they  are  left  open 
at  the  top.  They  have  a  coil  for  heating  with  steam,  a  pipe  for  admission  of  the  CO2  which 
terminates  in  a  star-shaped  distributor,  with  serrated  edges  (Fig.  27.2),  a  juice  inlet  pipe,  an 
overflow  pipe,  and,  generally,  a  device  for  breaking  the  foam,  made  from  a  perforated  pipe 
blowing  small  jets  of  steam  in  a  horizontal  plane  above  the  surface  of  the  juice. 


Fig.  27.2.  Star  distributor. 


Capacity  of  carbonating  tanks.  A  carbonatation  installation  will  be  planned  on  a  basis  of 
3-6  vessels,  preferably  4,  for  each  of  the  two  carbonatations.  It  will  be  assumed  that  one 
is  emptying,  one  filling,  allowing  5  min  for  each  of  these  operations;  and  the  capacity  of  one 
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vessel  will  be  deduced  from  the  height  of  juice  chosen  (2  —  3  m)  and  from  the  necessity  of 
allowing  the  juice  to  remain  for  at  least  20  min  in  each  vessel  during  the  saturation  with  CO2, 
or  about  half  an  hour  total,  for  single  carbonatation  or  first  carbonatation,  and  15  min  for 
the  second  carbonatation. 
Honig10  specifies: 

(a)  A  volume  of  heaters  for  1st  carbonatation  of  1.4-  1.7  mVt.c.h.  (50-60  cu. ft. /t.c.h.), 
for  a  juice-holding  period  of  8  -  12  min  per  batch,  with  a  juice  depth  of  2  -  2.5  m  (7  -  8  ft.); 
milk  of  lime  of  15-20°  Be. 

(b)  A  heater  volume  for  second  carbonatation  of  0.11-0.15  mVt.c.h.  (4.5-6  cu.ft./ 
t.c.h.),  corresponding  to  precipitation  of  200-400  mg  of  CaO  per  litre  of  juice  filtered  and 
heated  to  70°C  (160°F). 

Continuous  carbonatation 

Plant  for  continuous  carbonatation  has  also  been  used,  which  reduces  the  labour  re- 
quirements and  simplifies  operation.  These  are  similar  to  the  batch  carbonators,  but  are 
designed  to  facilitate  and  prolong  as  much  as  possible  the  contact  between  C02  and  juice. 

Control  of  the  proper  degree  of  saturation  is  more  delicate,  and  is  effected  by  regulation 
of  the  juice  flow. 

Continuous  carbonatation  is  very  commonly  met  with  in  the  second  carbonatation,  less 
often  at  the  first. 

When  the  second  carbonatation  is  carried  out  continuously,  the  2nd-carbonatation  tanks 
are  generally  given  a  juice  capacity  of  150  1/ t.c.h.  (33  gal. /t.c.h.)1  \  although  some  factories 
are  content  with  60  1/t.c.h.  (13  gal. /t.c.h.). 

The  juice  from  the  2nd  carbonatation  should  be  filtered  at  70°C  (158°F).  With  filter- 
presses,  3  m2  (33  sq.ft.)  of  filtering  surface  should  be  provided  per  t.c.h.;  with  Sweetland 
filters,  1.7  mVt.c.h.  (18  sq.ft. /t.c.h.)  should  be  adequate. 

The  heaters  for  bringing  the  juice  to  70°C  will  preferably  be  heated  with  vapour  from  the 
2nd  or  3rd  effect.  The  necessary  heating  surface  may  be  reckoned  as  16-20  mVt.c.h. 
(175-220  sq.ft. /t.c.h.)  using  vapour  from  the  2nd  effect,  or  20-22  m2  (220-260  sq.ft.) 
with  vapour  from  the  3rd  effect. 

Efficiency  of  utilisation  of  CO2 

The  completeness  of  utilisation  of  the  CO2  depends  mainly  on  the  surface  of  contact  between 
juice  and  gas,  and  on  the  duration  of  this  contact. 

Consequently,  there  are  two  principal  factors  influencing  this  utilisation: 

(a)  The  system  of  gas  distribution  in  the  mass  of  juice.  We  have  referred  to  the  distributor 
in  star  form  with  serrated  branches.  The  smaller  and  more  numerous  the  bubbles  formed, 
the  greater  will  be  the  area  of  contact. 

(b)  The  length  of  the  gas  path  from  the  distributor  pipe  to  the  surface  of  the  juice,  i.e.  for 
ordinary  carbonating  tanks,  the  depth  of  juice. 

The  efficiency  is  never  perfect.  The  efficiency  of  utilisation  of  the  C02  is  of  the  order  of: 


30-75%  according  to  Quillard'2 
40-60%  according  to  Tromp13 
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It  sometimes  reaches  80-90%  in  the  most  favourable  circumstances14.  Even  in  this  case, 
the  gases  discharged  by  the  flue  still  contain  about  12-15%  of  C02. 

There  is  indeed  no  need  to  seek  perfection  in  utilisation  of  C02,  since  the  quantities  fur- 
nished by  the  lime  kiln  and  corresponding  to  the  normal  quantities  of  lime  used  are  always 
amply  sufficient  for  the  needs  of  the  carbonatation. 

Favourable  conditions  for  use  of  carbonatation 

Carbonatation,  and  especially  double  carbonatation  and  the  de  Haan  process,  is  the  standard 
method  for  white  sugar  manufacture. 

It  is,  however,  expensive,  both  on  account  of  the  extra  equipment  required,  and  on  account 
of  the  extra  raw  materials  which  it  demands. 

Its  use  will  logically  be  restricted,  therefore,  to  cases  where  both  the  two  following  condi- 
tions apply: 

(1 )  The  factory  plans  the  systematic  and  continuous  manufacture  of  white  sugar.  If  it  were 
desired  to  make  white  sugar  only  in  an  incidental  or  accessory  fashion,  sulphitation  would 
be  indicated,  since  it  requires  only  an  insignificant  amount  of  extra  equipment;  putting  it  into 
operation  or  shutting  it  down  does  not  involve  a  great  upset  to  the  operation  of  the  factory. 

(2)  The  factory  can  procure  readily  and  cheaply  the  necessary  limestone  or  coral. 

A  carbonatation  factory  has  an  efficiency  generally  superior  to  that  of  factories  working 
on  simple  defecation  or  on  sulphitation.  This  can  generally  be.  reckoned  at  1  -2%  higher 
yield  of  sugar.  Honig10  estimates  1.5-2.5%. 

Steam  consumption 

It  is  estimated  by  Podder15  in  India  that  a  carbonatation  factory  consumes  10-12%  more 
steam  (%  on  cane)  than  a  defecation  or  sulphitation  factory.  Mean  figures  for  that  country 
would  be: 

Sulphitation  55%  steam  on  cane 
Carbonatation     66%  steam  on  cane 

In  Taiwan16  it  is  also  agreed  that  carbonatation  involves  a  20%  increase  in  consumption 
relative  to  that  for  defecation. 
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28.    Use  of  Magnesia  in  Clarification 


Action  of  magnesia  on  the  juice 

The  action  of  magnesia  is  similar  to  that  of  lime,  but  it  has  often  been  stated  that  magnesia 
was  undesirable  and  that  it  was  important  to  avoid  the  use  in  defecation  of  lime  containing 
more  than  a  certain  proportion  of  magnesia. 

Magox 

"Magox"  is  a  very  finely  powdered  magnesium  oxide  which  may  generally  be  partially,  or 
in  exceptional  cases  completely,  substituted  for  lime  in  the  defecation  process.  It  is  never 
employed  only  to  replace  the  lime,  since  its  use  is  more  expensive,  but  rather  with  the  object 
of  avoiding  scale  formation  on  the  multiple  effects. 

This  result  is  due  to  the  fact  that  certain  magnesium  salts,  particularly  the  sulphate,  are 
soluble,  whereas  the  same  salts  of  lime  are  insoluble  and  the  magnesia  tends  to  be  substituted 
for  the  lime  in  the  compounds  formed. 

Due  to  the  lower  molecular  weight,  1  kg  of  magnesium  oxide  (MgO)  replaces  1.390  kg  of 
quicklime  (CaO),  or  1.837  kg  of  hydrated  lime  (Ca(OH)2).  The  best  results  are  obtained 
generally  when  50  -  80%  of  the  lime  (expressed  in  terms  of  pulverised  hydrated  lime)  are 
replaced  by  the  corresponding  quantity  of  MgO.  If  we  assume  that  the  factory  conducted  its 
clarification  with,  for  example,  0.8  kg  (1.8  lb.)  of  lime  per  t.c,  these  quantities  correspond 
to: 

0.4  kg  (0.9  lb.)  of  lime  +  0.2  kg  (0.5  lb.)  of  MgO,  or  a  65-35%  mixture,  or: 

0.15  kg  (0.35  lb.)  of  lime  +  0.35  kg  (0.78  lb.)  of  MgO,  or  a  30-70%  mixture 
both  of  these  being  equivalent  to  0.8  kg  (1.8  lb.)  of  lime  used  previously. 

It  is  convenient  for  a  start  to  commence,  for  example,  with  the  latter  mixture,  then  each 
week  to  reduce  it  and  replace  10  g  (0.025  lb.)  of  magnesia  by  using  an  additional  18  g  (0.045 
lb.)  of  lime,  so  long  as  the  tubes  of  the  multiple  effects  remain  clean,  so  as  to  arrive  at  the 
minimal  proportion  of  Magox  which  will  give  the  desired  result. 

The  tubes  in  fact  remain  clean  and  brilliant.  The  expense  of  Magox  is  thus  involved,  as 
it  costs  2-3  times  as  much  as  the  corresponding  quantity  of  lime;  however,  the  savings,  in 
addition  to  the  lime  replaced,  include  the  labour  of  descaling  (generally  at  overtime  rate  at 
weekends),  the  cost  of  descaling  tools  (cf.  p.  548),  which  wear  rapidly,  also  the  cost  of  flexi- 
ble drives  from  motor  to  the  descaling  tools;  the  cost  of  replacement  motors,  costs  of  soda 
and  hydrochloric  acid  for  scale  removal,  as  well  as  wear  of  the  tubes  due  to  cleaning.  Further- 
more, there  is  the  advantage  of  a  multiple  effect  the  efficiency  of  which  remains  constant 
throughout  the  week.  Some  users  of  this  method  quote  in  addition  an  improved  purity  rise 
in  clarification,  a  clearer  juice,  and  even  a  better  exhaustion  of  molasses.  These  latter  effects 
are  scarcely  significant  and  are  somewhat  doubtful,  but  it  must  be  remembered  that  the  use 
of  Magox  permits  the  solution  of  certain  problems  due  to  tenacious  scale,  and  it  is  easy  to 
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work  out  the  balance  of  advantages  and  economies  as  opposed  to  the  expense  due  to  the  cost 
of  the  material. 

Care  must  be  taken  on  account  of  the  low  rate  of  reaction  of  magnesia,  especially  if  the 
volume  of  the  heaters  allows  only  a  short  time  of  contact.  The  pH  must  be  watched;  if  it 
continues  to  rise  after  the  heating  tanks,  for  example,  in  the  heated  juice,  it  is  because  the 
Magox  has  not  had  time  to  react.  The  pH  should  be  equal  in  the  various  compartments  of 
the  subsider.  If  it  increases  from  the  top  compartment  to  the  bottom  one,  it  is  due  to  an  ex- 
cess of  the  clarifying  agent.  In  the  same  way,  if  the  pH  of  the  mud  is  higher  than  that  of 
the  clarified  juice,  it  indicates  excess  of  Magox.  In  general,  it  is  advisable  to  allow  20  minutes 
contact  before  reheating1. 

Any  pulverised  burnt  magnesia  may  be  used,  provided  that  the  powder  is  sufficiently  fine, 
99%  passing  through  a  325-mesh  Tyler  screen. 


REFERENCES 

1  R.  K.  HAMILTON  AND  J.  H.  PAYNE,  Proc.  12th  Congr.  ISSCT,  1965,  p.  1764. 


29.  Subsidation 


When  the  juice  has  undergone  the  desired  treatment  -  simple  defecation,  sulphitation,  or 
carbonatation  -  it  must  be  allowed  to  settle  in  order  to  separate  the  clear  juice  from  the 
precipitate  formed  in  the  body  of  the  juice.  This  settling  is  effected  in  continuous  decanters 
or  "clarifiers". 

Dilution 

The  main  factor  controlling  settling  is  the  difference  in  density  between  the  material  to  be 
settled  and  the  liquid  in  which  it  is  mixed.  The  area  and  the  shape  of  the  particles  thus  play 
an  important  part,  as  well  as  the  viscosity  of  the  liquid. 

It  follows  that  the  time  necessary  for  settling  depends  mainly  on  the  difference  in  density 
between  the  juice  and  the  particles  of  the  precipitate. 

At  Clewiston,  in  Florida,  tests  have  been  made  on  the  time  necessary  for  settling  as  a  func- 
tion of  the  dilution  of  the  juice1. 

(a)  Mixed  juice:  78  min 

(b)  Mixed  juice  +  10%  of  water:  38  min 

(c)  Mixed  juice  +  20%  of  water:  28  min 

In  addition  to  the  effect  of  difference  in  density,  the  viscosity  of  the  juice  falls  with 
decreasing  brix,  thus  assisting  settling. 

Salinas2,  in  Cuba,  takes  as  basis  a  juice  of  16°  brix,  and  estimates  that  it  is  necessary  to 
allow  a  settling  area  2%  greater  for  each  degree  brix  above  16,  in  other  words,  a  settling  time 
approximately  2%  longer. 

Although  the  Clewiston  results  appear  much  more  striking  than  what  is  observed  in  normal 
operation,  it  is  important  to  remember  that  increasing  imbibition  improves  the  subsidation: 
the  gain  realised  in  the  time  of  settling  much  more  than  compensates  for  the  increased  volume 
of  juice. 

Speed  of  settling 

The  speed  of  settling  of  an  average  juice  is  approximately  75  mm  (3  in.)  per  minute,  until 
the  concentration  of  the  muds  near  the  bottom  has  reached  a  maximum.  Then  the  speed  of 
settling  diminishes  rapidly  and  approaches  zero. 

Surface  area  and  volume  of  subsiders 

The  speed  of  settling  of  the  particles  comprising  the  precipitate  is  constant  for  a  given  juice. 
It  follows  that  the  settling  time  is  proportional  to  the  depth  of  juice.  In  other  words,  the 
capacity  pf  a  subsider  is  independent  of  its  depth:  a  subsider  of  twice  the  height  will  contain 
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twice  as  much  juice  but  will  take  twice  as  long  to  settle.  Thus  only  the  surface  area  is  impor- 
tant. 

Subsider  capacities  should  therefore  be  expressed  in  area  rather  than  in  volume.  They  are 
often  found,  however,  still  indicated  in  terms  of  volume,  but  this  is  a  designation  liable  to 
introduce  errors.  However,  in  the  case  of  rapid  (tray-less)  crystallisers,  the  volume  does  play 
an  important  role. 


CLARIFIERS  OR  SUBSIDERS 

"Clarifier"  or  "subsider"  is  the  name  given  to  a  continuous  settler. 

A  continuous  subsider  is  a  vessel  into  which  the  juice  to  be  settled  is  fed  uniformly  and 
continuously,  and  which  is  large  enough  to  reduce  the  velocity  of  flow  and  of  circulation  of 
the  juice  to  such  a  low  value  that  it  does  not  prevent  settling  from  taking  place.  The  clear 
juice  obtained  is  similarly  withdrawn  from  the  upper  part  of  the  subsider  in  an  equally 
uniform  and  continuous  manner,  as  also  are  the  muds  from  the  lower  portion. 

Description  of  a  clarifier 

Clarifiers  are  generally  divided  into  several  compartments,  so  as  to  increase  the  area  for  settl- 
ing. 

Since  clarifiers  are  similar  in  principle,  and  vary  in  details  only,  we  shall  describe  the 
"Rapidorr",  which  is  perhaps  the  most  widely  used. 

It  is  provided  with  a  central  hollow  shaft,  rotating  very  slowly  (12  rev. /hour),  which  carries 
scrapers  of  sheet  metal  which  slowly  brush  the  bottom  of  each  compartment. 

The  juice  to  be  clarified  enters  tangentially  at  the  top,  into  a  compartment  half  the 
diameter  of  the  main  clarifier;  this  is  termed  the  feed  compartment  or  flocculation  chamber. 
Here  some  scum  rises  to  the  surface;  this  is  eliminated  by  a  special  scraper  which  pushes  it 
into  a  small  lateral  discharge  canal  leading  to  the  mud  outlet  box. 

The  Rapidorr  444  consists  of  4  superimposed  compartments,  each  forming  a  complete 
clarifier  independent  of  the  others,  and  fed  separately  by  a  rotating  central  tube  by  means 
of  openings  situated  in  the  upper  part  of  the  compartment.  The  entering  juice  encounters  baf- 
fle plates  designed  to  ensure  good  distribution  of  the  juice.  It  flows  radially  towards  the  outer 
wall,  the  velocity  decreasing  in  inverse  ratio  to  the  radius.  Settling  of  the  mud  proceeds 
simultaneously,  and  the  muds  deposited  on  the  bottom  plate  are  moved  by  scrapers  mounted 
on  arms  connected  to  the  central  tube  and  pushed  towards  the  centre;  there  they  settle  into 
a  mud  tray  from  which  they  are  extracted  by  diaphragm  pumps  at  controllable  rates;  the  mud 
from  the  various  trays  is  pumped  to  a  mud  tank,  from  which  it  goes  to  the  filtration  plant. 

The  clear  supernatant  juice  is  withdrawn  from  each  compartment  by  a  circumferential  in- 
ternal pipe  with  several  openings  which  withdraw  the  juice  close  to  the  roof  of  the  compart- 
ment. The  juice  then  passes  through  an  overflow  box,  by  vertical  pipes  fitted  with  sliding 
sleeves  which  permit  regulation  of  the  rate  and  overflow  level. 

Vertical  tubes  through  the  roof  of  the  equipment  allow  escape  of  gas  from  each  compart- 
ment to  atmosphere. 

The  Rapidorr  444  does  not  require  any  addition  of  flocculant,  but  such  addition  does  im- 
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prove  the  subsidation  and  reduces  the  necessary  settling  time.  The  subsider  has  a  capacity 
slightly  greater  than  that  of  previous  models. 

The  clarifier  is  enclosed,  except  for  a  door  giving  access  to  the  flocculation  chamber.  It 
is  completely  lagged;  thanks  to  this  protection,  and  especially  to  its  dimensions,  which  give 
it  a  very  small  ratio  of  external  surface  to  volume,  the  juice  leaves  at  about  99°C  (210°F). 
After  being  shut  down  over  Sunday,  the  juice  is  still  at  90  -  95°C  (195  -  200°  Fi  when  starting 
up  on  Monday  morning.  This  represents  a  cooling  rate  of  0,16-  0.22°C/h  (0.3  -  0.4°F/h]  in 
general,  for  a  clarifier  of  100-20Cm=  (3,500-7,000  cu.ft.). 


Fig.  29.1.  Dorr  "Multifeed"  clarifier. 
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The  Rapidorr  was  preceded  by  the  Dorr  "Multifeed"  (Fig.  29.1).  which  consisted  of  three 
to  five  compartments,  only  the  bottom  one  being  arranged  for  collecting  muds.  It  was  suc- 
ceeded after  the  war  by  the  A.T.  V.  model,  designed  for  the  beet  sugar  industry  but  also  utilis- 
ed with  cane;  then  by  the  A3T  model,  which  consisted  of  two  superimposed  subsiders  each 
of  two  compartments;  and  was  finally  replaced  by  the  Rapidorr  444  (Fig.  29.3). 

A  darifier  very  similar  to  the  Dorr  is  the  Graver  (John  Seip)  (Fig.  29.2).  The  muds  in  this 
design  move  down,  no  longer  by  the  centre,  but  around  the  periphery;  the  settling  area  of 
the  compartments  is  therefore  slightly  less  than  the  cross-section  of  the  clarifier.  The  clear 
juice  is  withdrawn  from  the  top  of  a  bell  in  such  a  way  that  the  juice  must  theoretically  pass 
through  the  curtain  of  falling  mud.  We  do  not  consider  that  things  happen  exactly  this  way 
in  reality.  However,  one  factory,  which  had  tried  passing  juice  through  the  Graver  which  had 
already  been  settled  rapidly  in  ordinary  settlers,  has  indicated  that  the  clarification  became 


Fie  29.2.  Graver  clarifier. 
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better  as  the  juice  entering  carried  more  mud;  which  tended  to  confirm  the  theory  of  the  i: 
ventor:  "upward  sludge  filtration",  that  is,  filtration  of  the  rising  juice  through  the  desce: 
ding  curtain  of  settling  mud. 


Fig.  29.3.  Rapidorr  444  clarifies  (Dorr- Oliver) 

Operation  of  a  clarifier 

When  the  factory  is  started  up,  the  clarifier  becomes  filled  with  juice  up  to  the  overflow  level 
of  the  clear  juice  outlet  pipes. 

This  level  may  be  regulated  by  a  handwheel.  each  turn  of  which  raises  all  the  sliding  tubes 
simultaneously  by  a  small  amount  of  the  order  of  a  millimetre.  In  addition,  each  tube  may 
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be  adjusted  by  means  of  an  individual  handwheel  which  permits  the  output  of  the  correspon- 
ding compartment  to  be  increased  or  decreased. 

Correct  adjustment  should  give  practically  equal  juice  flow  from  the  several  compart- 
ments. Adjustments  should  be  made  by  very  small  amounts  of  one  turn  of  the  handwheel 
at  a  time.  Correct  regulation  is  recognised  by  the  fact  that  further  adjustments  are  not 
necessary. 

The  general  level  should  be  set  so  that  the  scum  formed  in  the  flocculation  chamber  is 
readily  pushed  by  the  scraper  into  the  foam  canal  without  taking  liquid  juice  with  it.  This 
necessitates  constant  attention  by  the  operator  in  charge  of  the  clarification  station;  the 
author  has  often  noticed  that  the  foam  canal  was  not  functioning,  or  was  functioning  at  very 
long  intervals.  For  this  reason  he  recommends  the  installation  on  the  clarifierof  an  automatic 
juice-level  regulator  (Masoneilan,  for  example).  When  removal  of  scum  is  not  carried  out 
smoothly  and  regularly,  the  clear  juice  contains  fine  bagasse  which  cannot  be  removed  and 
which  finally  is  found  in  the  sugar. 

In  the  "Multifeed"  and  most  of  the  older  designs,  the  compartments  are  connected  by  the 
central  column,  and  there  is  only  one  mud  compartment,  the  bottom  one.  In  this  case,  the 
mud  pump  will  be  adjusted  so  as  to  remove  mud  at  a  constant  rate.  Since  the  proportion  of 
mud  changes  with  the  cane  varieties  treated  or  their  state  of  maturity,  this  adjustment  is 
rather  delicate.  It  is  effected  by  altering  the  stroke  of  the  plungers.  At  the  limit  of  the  adjust- 
ment, corresponding  to  very  small  rates,  the  sensitivity  may  be  increased  by  removing  one 
of  the  valves  of  the  pump,  which  is  generally  of  two-  or  three-throw  type.  In  any  case,  it  is 
advisable  to  avoid  the  method  of  pumping  all  the  mud,  and  then  stopping  the  pump  for  some 
time. 

When  it  is  necessary  to  force  the  output  of  the  pump,  it  happens  sometimes  that  the  strokes 
of  the  plunger  have  repercussions  on  the  general  level  of  the  liquid,  producing  a  pulsation 
in  the  flow  of  clarified  juice.  This  phenomenon  is  detrimental  to  the  subsidation,  and  should 
be  avoided. 

Distributing  tank.  When  a  factory  is  operating  with  a  battery  of  several  clarifiers,  it  is 
desirable  that  the  juice  be  distributed  among  the  several  clarifiers  in  proportion  to  their 
respective  capacities.  For  this,  the  juice  will  be  run  into  a  distributing  tank  having  as  many 
overflow  weirs  as  there  are  clarifiers  in  the  battery.  The  crests  of  these  weirs  will  be  at  the 
same  level,  and  the  width  of  each  of  them  may  be  set  by  means  of  an  adjustable  sliding  plate. 
In  this  way,  their  rates  of  flow  will  remain  in  the  same  proportions,  independent  of  the  varia- 
tions in  the  total  flow. 

Liquidation  and  losses  during  weekly  shutdown.  On  account  of  the  magnitude  of  their 
volume,  it  is  generally  not  possible  to  liquidate  the  clarifiers  during  the  weekly  shutdown  of 
the  plant.  One  or  more  clarifiers  are  accordingly  left  full;  but  this  cannot  be  done  without 
some  losses  of  sucrose.  These  losses  have  been  studied  by  Noble  and  Henderson  in  Austra- 
lia3- 3a.  The  losses  are  of  two  kinds: 
{a)  Inversion  losses,  more  marked  at  high  temperatures,  above  80°C  (175°F) 
(b)  Losses  due  to  action  of  micro-organisms,  which  are  more  marked  at  low  temperatures, 
below  70°C  (160°F). 
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Fig.  29.4.  Purity  drop  over  40-hour  period,  as  a  function  of  temperature. 

Fig.  29.5.  Purity  drop  over  40-hour  period,  as  a  function  of  pH. 


These  losses  are  measured  by  purity  drop,  which  will  thus  be  minimal  between  70  and  80°C 
(Fig.  29.4).  They  are  also  closely  related  to  the  pH,  and  increase  when  the  pH  of  the  juice 
falls  below  7.3  (Fig.  29.5). 

In  order  to  reduce  these  losses  to  a  minimum,  it  is  recommended  that  lime  should  be  added 
to  the  juice,  before  shutting  down,  at  the  rate  of  150  p.p.m.  of  juice  (0.35  lb./t).  Lime  is 
cheaper  and  twice  as  active  as  sodium  carbonate  (St.  Antoine4).  This  amount  corresponds 
to  raising  the  initial  pH  to  8.7.  Furthermore,  in  order  to  keep  the  juice  at  the  conditions  cor- 
responding to  the  most  advantageous  portion  of  the  graph  of  Fig.  29.4  (which,  however,  has 
been  established  without  any  addition  to  the  juice),  it  is  advisable  to  cool  the  juice  which  is 
to  be  left  in  the  clarifier,  that  is,  the  juice  treated  during  the  last  3  or  4  hours  of  crushing. 
With  this  object,  Noble  suggests  regulating  its  temperature  to  80°C  (175°F)  or,  after  shutting 
down,  passing  the  juice  through  a  heater  the  vapour  space  of  which  has  been  provided  with 
admission  and  outlet  connections  for  cold  water,  which  thus  can  be  circulated.  This  lower 
temperature  will  not  harm  the  clarification  if  care  is  taken  to  add  at  the  same  time  a  floc- 
culant  such  as  Separan  AP  30.  The  reduction  of  temperature  to  80°C  is  much  more  effective 
than  raising  the  pH4. 

Once  the  juice  has  been  adjusted  to  80°C  or  below,  formalin  may  be  added,  in  the  ratio 
of  0.5-0.6  p.p.m.  of  juice.  According  to  Noble,  this  represents  only  6%  of  the  value  of  the 
sucrose  which  would  otherwise  be  lost.  It  is  advisable  to  mix  it  well,  by  adding  it  for  example 
from  a  charging  tank  at  the  entry  to  the  clarifier.  There  is  no  point  in  adding  the  formalin 
above  85°C  (185°F),  as  it  would  volatilise  rapidly.  For  the  same  reason,  it  is  desirable  not 
to  add  it  until  the  juice  has  been  reduced  to  70°C  (160°F)  or  below. 

As  the  pH  indicates  very  clearly  the  purity  drop,  the  latter  may  be  detected  by  observing 
the  pH  when  it  falls  below  7.2:  deterioration  becomes  evident. 
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It  is  preferable,  however,  to  carry  out  two  or  preferably  several  liquidations  in  the  course 
of  a  season.  Advantage  will  be  taken  of  these  to  clean  the  vessel  thoroughly.  For  this  purpose, 
times  will  be  chosen  when  the  factory  has  to  be  shut  down  for  more  than  40  hours  (in  Reu- 
nion, for  example,  the  traditional  holidays  of  1st- 2nd  November,  possibly  the  15th  August, 
when  it  happens  to  give  a  2-day  holiday,  etc.). 

Inversion  losses.  During  the  subsidation,  the  pH  of  the  juice  changes,  falling  by  about  half 
a  unit,  for  example,  from  7.5  to  6.9.  This  drop  is  more  marked  in  the  bottom  compartment 
than  in  the  upper  ones. 

In  spite  of  all  the  precautions  taken,  some  inversion  losses  take  place  in  the  clarifier. 
Honig  estimates  such  losses  at  0.2  or  0.3%  of  the  sucrose,  in  general,  but  they  can  increase 
sometimes  to  1%  (cf.  p.  541). 

The  muds  deteriorate  more  rapidly  than  clear  juice.  If  they  are  maintained  at  a  temperature 
of  approximately  95°C  (203  °F)  and  a  pH  of  6-6.5,  the  purity  drop  observed6  is  of  the  order 
of: 

t2  '  t 

Ap  =  -    (t  ^  10)        Ap  =  —  (0  <  /  <  10)  (29.1) 
Tuu  iu 

Ap  =  total  purity  drop 

t     ~  residence  time,  in  hours. 

Decomposition  of  reducing  sugars.  During  the  period  the  juice  is  in  the  clarifier,  at  high 
temperature,  some  decomposition  of  reducing  sugars  always  occurs.  Honig7  estimates  this 
at  about  1%  of  the  reducing  sugars,  per  hour,  at  100°C  (212°F),  when  the  pH  is  in  the 
neighbourhood  of  7.  However,  this  decomposition  can  reach  3%  per  hour,  if  the  pH  is  in- 
creased to  about  8. 

Velocity  of  juice.  The  juice,  at  the  entry  to  the  clarifier,  should  have  a  maximum  velocity 
of  15  m/h  (50  ft./h).  At  higher  rates,  it  creates  eddies  which  are  detrimental  to  the  subsida- 
tion. 

In  the  interior  of  a  compartment,  the  settling  takes  place  under  the  following  conditions, 
depending  on  the  velocity  Vof  the  liquid: 

V  =   3-6  m/h  (10-20  ft./h):  perfect  laminar  flow 

V  =  6-12  m/h  (20-40  ft./h):  steady  flow,  giving  excellent  subsidation 

V  =  2-15  m/h  (40-50  ft./h):  irregularities  begin:  subsidation  still  possible 

V  =  15  m/h  (50  ft./h)  or  more:  flow  becomes  turbulent:  subsidation  is  no  longer  possible. 

Other  types  of  clarifier 

In  addition  to  the  Dorr  and  Graver,  there  are  other  types  of  clarifiers,  notably  the  Bach  (Fig. 
29.6),  rather  widely  distributed  in  British  countries,  and  of  a  design  broadly  similar  to  that 
of  the  Dorr.  However,  it  is  generally  not  covered,  the  surface  of  the  juice  being  simply 
covered  by  a  layer  of  oil  with  the  object  of  avoiding  convection  currents  at  the  surface;  the 
top  compartment  then  takes  part  in  the  subsidation  process  like  the  others. 
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Fig.  29.6.  Bach  ctarifiei  (Mirrlcos  -  Watson) 


Rapid  clarifiers 

Since  the  introduction  of  continuous  clarifiers-  some  defects  have  been  apparent.  It  was 
found  that  in  the  laboratory,  or  with  certain  pilot  units,  the  speed  of  settling  could  be  much 
higher.  In  seeking  the  causes  of  this  inferior  performance  of  equipment  of  industrial  dimen- 
sions, il  was  found  that  certain  very  simple  details,  once  modified,  gave  a  substantial  im- 
provement in  (he  settling  time  of  juice  in  the  equipment.  These  were: 

(a)  Introduction  of  the  juice  to  the  subsider  with  the  minimum  of  disturbance,  al  much 
reduced  velocity,  wiilioin  eddies;  and  regulating  the  flow  as  much  as  possible,  for  example, 
by  provision  of  a  storage  lank  (20  m;  (700  cu.fi.)/10Ql.i;.h.;  to  smooth  out  fluctuations  in 
the  rate  of  flow. 

(b)  Reduction  of  length  of  travel  of  the  juice  between  entry  to  the  equipment  and  exit 

(c)  Provision  of  more  points  for  juice  oulflow.  in  order  to  reduce  disturbance  at  those 
points. 

(d)  Arranging  for  the  juice  to  travel  upwards  through  the  flocculated  juice,  so  that  the  par- 
ticles in  suspension  are  retained  in  their  flow  by  the  existing  floes  ("upward  sludge  filtra- 
tion") 
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(e)  Division  into  compartments  was  found  to  be  detrimental  to  performance. 

These  considerations  have  led  to  the  development  of  the  S.R.I,  clarifier,  designed  by  Hale 
&  Whayman6  at  the  Sugar  Research  Institute  in  Australia  (Figs.  29.7,  29.8  and  29.9).  Entry 
and  distribution  of  the  juice  are  effected  by  a  circular  channel  of  radius  equal  to  two-thirds 
of  that  of  the  subsider;  it  overflows  by  a  notched  channel  into  an  annular  downtake,  wich 
delivers  the  juice  at  the  mid-height  of  the  vessel;  it  then  meets  a  deflector  of  double  slope 


4  FE€DWEU. 
5,6  TAKE  OFF  LAUNDERS 

7  ct*w«o  juce  ouTtcr 
Fig.  29.7.  S.R.I,  clarifier  (plan). 


Fig.  29.8.  S.R.I,  clarifier  (section). 
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Fig.  29.9.  S.R.I  clarifier  (broken  section]  (Fletcher  and  Stewart). 


which  distributes  it  laterally  in  the  equipment.  The  settled  mud  accumulates  on  the  bottom, 
where  it  is  scraped  towards  a  mud  well  and  removed.  The  scrapers  are  carried  on  rotating 
arms. 

The  clarified  juice  overflows  by  two  notched  gutters,  both  circular  and  concentric;  the  first 
or  inner  one  is  of  radius  one-half  or  two-thirds  that  of  the  entry  channel,  the  second  approx- 
imately half  way  between  the  latter  and  the  outer  wall  of  the  tank.  Fixed  scrapers  avoid  ac- 
cumulation of  mud  on  the  double-sloped  deflector  which  is  fixed  to  the  rotating  arms. 

The  rate  of  settling  is  of  the  order  of  10  cm  (4  in.)  per  minute,  calculated  on  the  interior 
cross-section  of  the  vessel  reduced  by  that  of  the  deflector.  Area  may  be  reckoned  as  about 
0.2  mVt.c.h.  (2  sq.ft./t.c.h,)-  The  depth  between  the  bottom  of  the  annular  feed  channel  and 
the  conical  bottom  is  approximately  1.2am  (4  ft.).  The  residence  time  of  the  juice  is  approx- 
imately 20  inin.  that  of  the  mud  some  hours. 
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Reckoning  on  the  total  cross-section  of  the  vessel,  we  should  allow  about  0.15  mVt.c.h. 
(1.5  sq.ft./t.c.h.).  On  account  of  the  brief  time  of  the  juice  in  the  subsider,  the  pH  falls  only 
by  0.1  between  limed  juice  and  clarified  juice;  hence  there  is  a  decreased  risk  of  decomposi- 
tion of  juice.  These  considerable  gains  in  speed  of  settling  and  residence  time  are  made  possi- 
ble only  by  the  use  of  a  flocculant.  The  dosage  may  vary  between  1.5  and  3  p. p.m.  It  is  in 
fact  flocculants  which  have  rendered  rapid  clarifiers  possible. 

The  S.R.I,  rapid  subsider  now  predominates  in  Australia  and  has  to  a  great  extent  replaced 
older  clarifiers  in  the  Australian  factories.  These  factories  express  every  satisfaction  and 
report  no  inconvenience  or  trouble  resulting  from  stale  cane  or  refractory  juices. 

In  the  beet  sugar  industry,  a  similar  gain  has  been  obtained  by  introduction  of  the  Eis 
clarifier,  of  the  Enviro-Clear  Co.,  following  the  same  principles.  This  clarifier  has  moreover 
been  fitted  with  a  photoelectric  analyser  to  detect  the  surface  of  separation  between  cloudy 
and  clear  juice  and  maintain  it  steady.  This  clarifier  has  attained  a  sedimentation  rate  close 
to  600  kg  of  solid  material  per  mVh  (120  lb./sq.ft./h),  or  12.7  mVmVh  (42  cu.ft./sq.ft./h) 
of  juice,  and  has  also  been  installed  in  cane  sugar  factories  in  the  American  zone. 

Modification  of  existing  subsiders 

Many  factories  are  interested  in  the  gain  in  capacity  and  in  space  rendered  possible  by  rapid 
clarifiers.  On  the  other  hand,  they  hesitate  on  account  of  troubles  which  have  sometimes  been 
experienced  with  the  use  of  these  clarifiers.  They  may  in  fact  be  concerned  due  to  more  severe 
conditions  of  brief  duration:  refractory  juices,  cane  affected  by  gumming,  or  cane  held  too 
long  since  cutting.  They  also  hesitate  to  dispense  with  equipment  which  is  still  in  good  condi- 
tion. There  is  in  such  cases  an  elegant  solution,  applied  by  Lindsay  Lincoln  in  Reunion. 

This  consists  of  altering  the  normal  clarifiers  to  semi-rapid  clarifiers.  The  change  is  simple 
and  inexpensive.  In  a  factory  which  had  a  Multifeed  and  a  Rapidorr,  both  of  7.3  m  (24  ft.) 
diameter,  the  Rapidorr  has  been  altered  and  is  sufficient  for  a  capacity  increase  to  200  t.c.h.; 
in  another  factory  which  had  four  clarifiers,  a  1.2-m  (14-ft.)  and  a  5.5-m  (18-ft.)  Multifeed, 
a  6.1-m  (20-ft.)  Graver,  and  a  6.7-m  (22-ft.)  Rapidorr,  the  Rapidorr  has  been  altered  and 
is  sufficient  alone  for  a  capacity  increase  to  150  t.c.h.  We  may  comment  that  the  juice  of 
a  variety  R,  general  in  Reunion,  is  rather tlifficult  to  clarify,  without  being  really  refractory. 

The  idea  has  been  not  to  seek  a  truly  rapid  clarifier,  which  may  risk  sometimes  becoming 
insufficient,  but  to  aim  at  a  semi-rapid  unit,  that  is,  one  calculated  for  a  residence  time  of 
50-60  min.  The  following,  for  example,  describes  the  alteration  of  an  older  clarifier: 

(a)  Remove  the  intermediate  plates  to  convert  the  equipment  to  a  two-compartment 
clarifier.  It  would  be  permissible  to  remove  all  the  compartments,  but  maintaining  two  com- 
partments permits  operation  as  an  ordinary  clarifier  in  case  of  a  lack  of  flocculant  for  any 
reason. 

(b)  Increase  the  volume  of  the  flash  tank,  which  would  become  too  small  for  the  quantity 
of  juice  to  be  handled  (see  later  calculation  for  flash  tanks). 

(c)  For  the  same  reason,  enlarge  all  the  piping  and  openings  for  juice  feed. 

(d)  Locate  the  openings  for  feed  of  dirty  juice  to  the  two  compartments,  so  that  they  are 
placed  at  the  level  of  the  top  of  the  mud  pit. 

(e)  Widen  and  deepen  the  mud  pits  at  the  bottom  of  the  two  compartments  which  are  re- 
tained. Replace  their  vertical  sides  by  plates  inclined  at  45°. 
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(f)  Modify  the  scrapers  and  the  supporting  arms  so  that  they  fit  the  bottom  plates  of  the 
mud  pit  and  the  compartment. 

(g)  Locate  the  scrapers  so  that  the  whole  bottom  surface  is  swept,  and  incline  them  at  45  ° 
to  the  direction  of  rotation,  giving  them  a  slight  overlap. 

{h)  Arrange  the  scrapers,  not  vertically,  but  pivoted  and  trailing,  so  that  they  follow  better 
the  irregularities  of  the  bottom  plate.  They  should  be  terminated  at  the  bottom  by  a  small 
vertical  rebate  10  mm  (I  in.)  in  height,  which  scrapes  more  effectively  than  an  inclined  plate. 
The  slope  to  be  adopted  relative  to  the  bottom  plate  is  approximately  60°. 

(/)  Place  the  openings  for  discharge  of  clear  juice  in  the  upper  angle  of  each  of  the  com- 
partments, and  provide  an  increased  number  of  such  openings.  For  example,  placing  one 
every  15°  on  the  two  semicircular  pipes  so  located,  this  corresponds  to  24  openings.  These 
openings  would  be  placed  on  the  upper  surface  of  the  pipe,  but  every  30°  an  orifice  on  the 
lower  face  of  the  pipe  should  be  located  to  ensure  complete  draining  of  the  pipe  for  cleaning. 
Each  half  pipe  covers  180°;  it  should  be  of  uniform  diameter  throughout  its  length.  The  juice 
outlet  openings  are  circular,  without  restriction,  obtained  by  simple  cutting.  There  are  six  on 
each  side  of  the  outlet  pipe  to  the  clear-juice  box,  of  which  the  three  closest  to  the  outlet  are 
D/3,  and  the  other  three  D/2,  D  being  the  diameter  of  the  pipe,  which  remains  open  on  its 
lower  third,  at  the  end. 

(/')  Ensure  satisfactory  removal  of  the  mud  from  the  bottom  of  each  mud  well. 

(k)  Place  at  the  top  of  each  compartment  two  degassing  pipes  discharging  at  0.50  m  (20 
in.)  above  the  roof  of  the  subsider,  180°  apart. 

(/)  It  is  desirable  to  maintain  at  the  top  of  the  subsider  a  small  floccuiation  compartment, 
the  level  of  which  will  be  regulated  automatically  so  as  to  maintain  a  slight  accumulation  of 
scum. 

The  clarifier  thus  modified  will  have  a  minimal  horizontal  path  for  juice  and  an  even 
smaller  vertical  path,  with  the  departing  juice  having  to  pass  through  the  settling  floes  already 
formed.  The  use  of  a  flocculant  is  essential.  It  will  be  added  after  the  flash  tank  at  the  rate 
of  2-3  p. p.m.,  according  to  its  efficacy.  This  can  be  increased  to  4  p. p.m.  if  considered 
desirable.  It  should  be  introduced  by  metering  pumps  at  a  controlled  rate. 

Since  such  alteration  of  clarifiers  is  somewhat  complex,  it  is  recommended  that 
technologists  wishing  to  make  such  changes  should  enquire  from  Tate  &  Lyle  (Process 
Technology),  sending  them  plans  of  the  old  equipment  to  be  altered.  They  will  furnish 
designs  permitting  the  necessary  modifications. 

Flash  tank 

Clarifiers  are  normally  preceded  by  a  flash  tank.  This  is  a  simple  cylindrical  tank  located  just 
above  and  ahead  of  the  clarifier,  with  a  flue  open  to  the  atmosphere.  The  juice  from  the 
heaters  discharges  tangentially  into  this  tank;  since  the  juice  has  been  brought  to  101.5- 
104.5°C(215  -220°F),  it  partially  flashes  into  vapour  when  discharged  into  this  vessel  at  at- 
mospheric pressure.  This  flashing  removes  from  the  suspended  particles  the  air  bubbles  at- 
tached to  them,  which,  if  not  removed,  would  prevent  particles  of  bagasse  from  settling  dur- 
ing the  clarification  process. 
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Maintenance  of  clarifiers 

At  the  end  of  the  crushing  season,  the  interior  of  the  clarifiers  is  sometimes  painted;  this  is 
very  useful  for  preserving  them  during  the  slack  season  but,  even  if  the  paint  selected  is  con- 
sidered to  be  resistant  to  acid  juices,  the  paint  disappears  during  the  first  weeks  of  the  next 
season. 

Height  and  number  of  trays 

We  have  already  remarked  (cf.  p.  431)  that  the  volume  of  settlers  does  not  influence  the 
sedimentation;  the  area  only  determines  the  operating  capacity.  Thus,  there  might  be  a 
tendency  to  reduce  the  height  of  the  trays.  This  is  limited,  however,  by  the  necessity  to  allow 
for  inspection  and  maintenance  of  the  apparatus. 

Generally,  the  height  per  tray  is  made  not  less  than  60  cm  (24  in.).  The  usual  height,  for 
the  Dorr  Multifeed,  was  69  cm  (27  in.).  The  bottom  compartment,  where  the  muds  collect, 
was  two  or  three  times  higher  than  the  other.  In  the  Rapidorr,  the  upper  compartments  are 
122  cm  (4  ft.)  in  height,  and  the  mud  compartments  183  cm  (6  ft.). 

The  Multifeed  was  made  in  3,  4  or  5  compartments;  the  Rapidorr  always  has  4;  and  the 
Graver  generally  has  4. 

A  clarifier  is  moreover  more  economical,  in  cost  and  space  occupied,  if  it  has  more  com- 
partments. It  has  sometimes  been  maintained  that  the  juice  was  clearer  if  the  clarifier  had 
fewer  compartments.  However,  in  factories  having  a  set  of  clarifiers  with  differing  numbers 
of  compartments,  a  consistent  and  detectable  difference  between  their  juices  has  scarcely  ever 
been  detected.  In  particular,  the  juice  of  the  Rapidorr  is  not  superior  to  that  of  the  Multifeed 
types. 

Evolution  of  clarifiers 

The  foregoing  considerations  on  compartmented  clarifiers  establish  the  point  that,  since  the 
appearance  of  continuous  decantation,  subsiders  have  evolved  continually  in  the  direction  of 
a  decrease  in  the  number  of  compartments  for  simple  decanting  of  juice  relative  to  the 
number  for  thickening  of  mud.  The  evolution  of  the  Dorr  clarifier  is  very  definite  from  this 
point  of  view:  the  Multifeed  had  5,  4  or  3  compartments  and  only  one  mud  thickener.  Then, 
in  1956,  Sabi  commented  that  the  surface  required  for  thickening  of  mud  was  the  important 
factor  in  the  capacity  of  the  equipment.  He  estimated  accordingly  that,  according  to  the 
nature  of  the  juice  and  the  cane  variety,  it  required  0.50—1  m2,  averaging  0.75  m2  (7.5 
sq.ft.),  for  thickening  of  mud  per  t.c.h.  Since  the  speed  of  settling  is  approximately  1  cm/min 
=  60  cm/h  (2  ft./h),  and  since  1  t.c.h.  corresponds  roughly  to  900  dmVh  of  juice,  an  area 
of  0.75  m2  would  permit  the  settling  of  0.75  x  0.60/0.900  =  0.5  t.c.h.;  consequently,  the 
capacity  per  tray  for  settling  would  be  half  that  for  thickening.  Hence  the  Rapidorr  A3T, 
which  has  two  trays  for  settling  for  each  thickening  tray.  This  would  make  I  -2  m2  (10-20 
sq.ft.)  of  total  area/t.c.h.,  averaging  1.50  mVt.c.h.  (15  sq.ft. /t.c.h.). 

Progress  has  continued  in  the  efficacy  of  the  equipment,  and  Dorr  has  finally  produced 
the  Rapidorr  444  with  4  independent  compartments  superposed,  all  providing  decantation 
and  thickening  at  the  same  time.  The  rapid  clarifiers  without  compartments  are  the  outcome 
of  this  evolution. 
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Capacity 

This  evolution  explains  why  it  is  difficult  to  give  figures  for  capacity  applicable  to  all 
clarifiers.  The  scatter  of  values  is  particularly  marked  where  volume  is  concerned;  it  is  less 
marked  for  surface  area  for  decantation.  The  values  given  have  evolved  parallel  with  the  con- 
ception and  the  efficacy  of  the  equipment.  Commencing  from  the  older  multicompartment 
models,  capacities  are  as  follows: 

Volume  Area 


(myt.c.h.) 

(cu.ft./t.c.h.) 

(m2/t.c.h.) 

(sq.ft.  /t.c.h.) 

Hawaii9 

2.5-3.8  (av.  3) 

90-136  (av.  108) 

Cuba*0 

2.4 

86 

2.5 

27 

Puerto  Rico1 1 

2.1  -3.8 

75-136 

S.  Africa12 

Old  clarifiers 

2.5-3.7 

90-133 

Rapidorr  444 

(one  factory) 

2.4 

86 

1.7 

19 

S.R.I,  only 

(3  factories) 

0.65-0.92 

23-33 

0.22-0.33 

2.4-3.6 

Juice  flow  per  unit  vol. 

Juice  flow  per  unit  area 

(kg/h/m*) 

(Ib./h/cu.ft.) 

(kg/h/m2) 

(ib./h /sq.ft.) 

Australia 

196813:  Bach 

550 

34 

500 

102 

Dorr  ATV  450 

28 

650 

133 

196914:Bach 

400 

25 

500 

102 

ATV 

500 

31 

750 

154 

Philippines^ 

AMS  650  41  - 

(In  some  cases  it  is  stated  that  capacity  varies  with  refractory  juices.)  Table  29.1  gives  figures 
for  the  Rapidorr  444  Series. 

Surface  area.  The  area  of  the  clarifiers  for  decantation  is  reckoned  on  the  gross  cross- 
section,  that  is,  the  interior  gross  area  of  the  vessel,  without  deduction  for  the  central  tube, 
multiplied  by  the  number  of  compartments.  In  the  case  of  the  Graver,  the  total  cross-section 
is  similarly  taken,  including  the  peripheral  channel,  since  it  participates  in  the  settling. 

Consequent  on  the  remarks  indicated  concerning  compartments,  the  capacity  is  better 
when  the  ratio  of  total  number  of  compartments  to  number  of  thickening  compartments  is 
lower;  for  example,  Multifeed  <  A3T  <  444. 
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TABLE  29.1 

RAPIDORR  444  SERIES 

Diameter  Volume  Area  Capacity 


fmj 

(jft.) 

(U.S.  gal.) 

(m2) 

(sq.ft.) 

(t.c.h.  in 

favourable 
conditions) 

(nominal, 
short  tons. 

3.048 

10 

41 

10,800 

29 

312 

18 

16 

3.658 

12 

59 

15,600 

42 

452 

26 

23 

4.267 

14 

81 

21,300 

57 

614 

36 

32 

4.877 

16 

105 

27,800 

75 

804 

47 

42 

5.486 

18 

133 

35,200 

-  94 

1,016 

59 

53 

6.086 

20 

164 

43,400 

116 

1,254 

73 

69 

6.706 

22 

199 

52,700 

141 

1,516 

88 

79 

7.315 

24 

237 

62,700 

168 

1,830 

105 

94 

7.925 

26 

278 

73,400 

198 

2,128 

124 

111 

8.534 

28 

322 

85,000 

229 

2,460 

143 

128 

9.144 

30 

369 

97,600 

262 

2,824 

164 

147 

9.754 

32 

421 

111,200 

299 

3,220 

187 

168 

10.363 

34 

474 

125,200 

337 

3,630 

211 

189 

10.973 

36 

533 

140,800 

378 

4,068 

236 

212 

In  these  clarifiers,  the  height  of  the  cylindrical  portion  is  5.5  m  (18  ft.);  for  the  earlier 
Rapidorr  clarifiers,  it  was  6.1  m  (20  ft.). 

Dorrclones 

Modern  methods  of  cane  harvesting  send  to  the  factory,  with  the  cane,  not  only  trash  proper 
with  cut  ends  and  roots,  but  also  foreign  matter  of  various  kinds,  some  of  which  are 
dangerous,  such  as  stones  (see  p.  48).  These  items  consist  mainly  of  soil,  sand,  and  gravel, 
of  which  only  the  finest  particles  are  conveniently  handled  with  the  muds  in  filtration. 

The  largest  particles  contribute  to  wear  of  the  pumps,  and  interfere  with  the  fabrication. 
The  Dorr -Oliver  Company  offers  equipment  designed  for  eliminating  them:  the  "Dorr- 
clone".  It  is  composed  of  cyclone  separators  into  which  the  mixed  juice,  unscreened,  is 
pumped  under  a  pressure  of  about  1.5  kg/cm2  (22  p.s.L).  The  juice  is  introduced  tangentially 
and  spun  in  the  equipment.  The  clear  juice  leaves  above  the  point  of  entry,  while  the  heavy 
particles  fall  to  the  bottom  of  the  cyclone  and  pass  into  a  sand  box,  where  they  are  extracted 
intermittently  by  an  automatic  device. 

On  account  of  the  wear  to  which  they  are  subjected,  these  cyclone  separators  are  lined  with 
rubber,  which  normally  lasts  a  full  season. 

The  operation  takes  place  in  two  stages.  After  passage  through  a  first  set  of  cyclones,  the 
solid  matter  from  the  equipment  is  deposited  in  a  bath  where  it  is  washed  with  water  to 
remove  the  entrained  sucrose.  The  mixture  is  then  passed  to  a  second  cyclone,  the  refuse  from 
which  is  discarded  and  the  clear  juice  sent  for  use  as  imbibition,  since  it  contains  a  little 
sucrose. 

Since  the  equipment  must  function  under  pressure  and  at  a  constant  rate,  Dorrclones  can- 
not be  subjected  to  stoppages  of  the  factory:  hence  they  are  arranged  to  operate  with  recir- 
culation, assuring  a  constant  rate  of  throughput. 
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It  is  preferable  that  the  cyclone  be  installed  vertically,  but  they  may  also  function  in  an 
inclined  position,  provided  that  the  slope  of  the  cone  remains  at  a  positive  angle. 
There  are  three  sizes  of  Dorrclones,  designated  by  the  diameter  of  the  entry  chamber: 

D  =  152  mm  (  6  in.):  capacity  =  11-25  mVh  (  47-  110  U.S.  gal./min) 
D  =  305  mm  (12  in.):  capacity  =  42-  84  mVh  (185-  350  U.S.  gal./min) 
D  =  610  mm  (24  in.):  capacity  =  162-345  mVh  (710-  1,520  U.S.  gal./min) 

They  are  often  installed  in  batteries  of  3  cyclones  for  the  first  stage,  with  1  for  the  second 
stage? 
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30.  Juice  Heating 


We  have  seen  that  in  the  course  of  treating  the  juice,  it  must  be  heated  at  least  once.  High- 
pressure  steam  being  very  valuable,  exhaust  steam  is  used  for  this  heating  or,  if  possible, 
preferably  bled  vapour  from  the  evaporators.  It  is  thus  necessary  to  have  a  heat  exchanger 
between  vapour  and  juice:  this  is  provided  by  the  juice  heaters. 

The  juice  heater  (Fig.  30.1)  consists  of  an  assembly  of  tubes:  the  juice  circulates  through 
the  tubes,  and  the  vapour  outside  them.  Suitable  headers  force  the  juice  to  pass  a  certain 
number  of  times  from  bottom  to  top  and  from  top  to  bottom  of  the  heater  by  restricting  the 
juice  each  time  to  a  few  of  the  tubes. 


■  Juice  inlet 
FtdEjbfr    /  Juice  outlet 


Light 

mcond  ensables  — - 


Heavy 
incondensab les  -j:r. 


Steam 


3(900  m  long  tubes 


Condensates 


Drain    valve  — 


Fig.  30.1.  Juice  heater  (Fives  Cail  -  Babcock). 
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Specific  heat  of  sugar  solutions 

The  specific  heat  c  of  sucrose  solutions  is  given,  to  a  close  approximation,  by  the  equation: 


B  =  brix  of  the  solution. 

This  formula  may  be  applied  without  serious  error  to  juices,  syrups  and  molasses  of  dif- 
ferent purities. 

It  follows  that  a  typical  mixed  or  defecated  juice,  of  16°  or  17°  brix,  will  have  a  specific 
heat  of  approximately  0.9.  Using  this  value  for  juice  will  never  involve  a  serious  error.  For 
greater  precision,  when  the  brix  differs  appreciably  from  the  mean,  it  will  be  preferable  to 
use  the  value  given  by  eqn.  (30.1),  which  moreover  is  simple  and  readily  calculated. 

According  to  Gucker  and  Ayres1,  more  accurate  values  would  be  obtained  by  replacing 
the  coefficient  0.006  by  0.0056  in  eqn.  (30.1),  and  by  taking  into  account  the  temperature 
t  (°C)  and  purity  P  of  the  juice: 


According  as  the  lagging  of  the  heater  is  more  or  less  effective  (and,  for  batteries  of  heaters, 
the  lagging  of  the  piping  connecting  the  heater  to  the  following  one),  the  loss  of  heat,  which 
determines  the  efficiency  of  the  heat-exchange  operation,  will  range  from  about  4  to  8%, 
averaging  5%  for  a  heater  suitably  lagged  and  covered  with  wooden  battens. 


Calculations  for  heaters  are  complicated  by  the  fact  that  while  one  of  the  fluids,  the  vapour, 
is  at  constant  temperature,  the  other,  i.e.  the  juice,  is  at  a  varying  temperature  in  its  passage 
from  entry  to  exit.  This  introduces  an  integral  which  is  expressed  by  a  logarithm.  This  renders 
the  calculation  somewhat  lengthy,  but  any  precise  calculation  would  not  be  possible  other- 
wise. 

It  will  be  seen,  moreover,  in  the  following  example,  that  the  resulting  complication  is  in- 
deed minimised:  there  is  not  even  need  for  a  table  of  logarithms;  a  simple  slide  rule  will  fur- 
nish results  sufficiently  precise  for  practical  requirements. 

The  whole  calculation  for  heaters  is  contained  in  the  3  equations  following: 

(a)  Quantity  of  heat  transmitted: 


c  =  1  -  0.006  B 


(30.1) 


(30.2) 


Heat  losses 
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M  =  pc  (T  -  to)  (1  -  e  kS/pc) 


(30.3) 


(b)  Temperature  obtained: 


t  =  T  -  (T  -  to)  e  ks/Pc 


(30.4) 
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(c)  Heating  surface: 


(30.5) 


M  =  quantity  of  heat  transferred  to  the  juice,  in  kcal  (B.T.U.) 
S   =  heating  surface  of  the  heater,  in  m  (sq.ft.) 
p   =  weight  of  juice  to  be  heated,  in  kg/h  (lb./h) 
c    =  specific  heat  of  the  juice  (approx.  0.9) 
T  =  temperature  of  the  heating  vapour,  in  °C  (°F) 
to  =  initial  temperature  of  the  cold  juice,  in  °C  (°F) 
t    =  final  temperature  of  the  hot  juice,  in  °C  (°F) 
k  =  coefficient  of  heat  transfer,  in  kcal/mV°C/h  (B.T.U. /sq.ft./°F/h). 
Recall  that  the  expression  y  =  e~  x  reduces  to: 

-  x  =  \ny  =  2.3  log  y  (30.6) 

Hence: 

log  e  kS/"c  =  -  0.4343  —  (30.7) 

pc 

and  that,  when  a  logarithm  has  a  negative  value,  we  must  write,  for  example: 

log*  =   -  0.372  =  L628 
Value  of  heat-transfer  coefficient 

All  authors  are  in  agreement  in  indicating  the  marked  influence  exerted  on  the  heat-transfer 
coefficient  £by  the  velocity  Kof  the  juice  circulation  in  the  tubes;  but  opinions  differ  concer- 
ning the  law  expressing  the  relationship  of  these  two  quantities. 
Hausbrand2  gave: 

k  =  750  \^Ta007        (k  -  103  \^FTlU)23)  (30.8) 

k  =  heat-transfer  coefficient  of  the  heater,  in  kcal/m2/°C/h  (B.T.U./sq.ft./°F/h) 
V  =  velocity  of  juice*  in  the  tubes,  in  m/s  /ft. A). 

However,  his  work  was  done  on  clean  tubes. 

An  expression  previously  used  in  Australia3  was: 

k  =  900  VF        (k  =  100  -JV)  (30.9) 
Speyerer4  gives  for  V  =  1  m/s  (3.28  ft./s): 


k  =  222  +  3.6  r  (k  =  45  +  0.41  (T  -  32)) 


(30.10) 
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However,  these  formulae  have  the  disadvantage  of  taking  into  account  only  the  effect  of 
heat  transfer  from  tube  (or  scale)  to  juice,  in  which  the  juice  velocity  is  important.  It  is 
desirable  to  take  into  account  equally  the  resistance  offered  to  heat  transfer  from  vapour  to 
metal.  The  complete  and  exact  theoretical  formulae  are  much  too  complicated  for  practical 
usage.  They  involve  the  viscosity  and  the  Nusselt,  Grashof  and  Prandtl  numbers,  at  various 
powers.  The  multiplicity  of  practical  formulae  offered  and  the  great  variability  of  the  coeffi- 
cient k  in  practice  have  prompted  the  author  to  propose  a  formula  which  should  be  the 
simplest  possible,  while  taking  into  account  the  results  now  gathered  on  the  influence  of 
velocity  U  of  juice.  We  propose  accordingly: 

k=6T[-^\  (k  =  0.7  (T  -  32)    -  )  (30.11) 

which  gives,  ^qr  example,  with  heating  steam  at  115°C  (239°F): 

For  U  =  1.5  m/s  (5  ft./s):  k  =  596  kcal/m2/°C/h  (125  B.T.U./sq.ft./°F/h) 
For  U  =  1.8  m/s  (6  ft./s):  k  =  690  kcal/m2/°C/h  (145  B.T.U.7sq.ft./°F/h) 
For  U  =  2.1  m/s       (7  ft./s):  k  =  780  kcal/m2/°C/h      (164  B.T.U./sq.ft./°F/h) 

Influence  of  scale  on  heat  transmission 

Formation  of  scale  on  the  heating  surfaces  has  a  marked  influence  on  the  coefficient  of  heat 
transfer.  On  an  exchanger  with  straight  tubes,  we  have  in  effect: 

1111 

T         +       +  (30.12) 

K  ~    K\        K2  Ki 

ki  =  heat-transfer  coefficient,  steam  to  tube 

k2  =  heat-transfer  coefficient  acro.ss  the  tube  =  £2/%  {e^  =  thickness  of  wall) 
/f3  =  heat-transfer  coefficient  from  tube  to  juice. 

Staub  and  Paturau5  give  the  following  values,  which  are  expressed  here  for  tubes  1.2  mm 
in  thickness  (35.6  X  38  mm,  for  example): 

kx  =  10,546  kcal/mV°C/h  (2,160  B.T.U./sq.ft./°F/h) 
k3  =    1,758  kcal/mV°C/h  (  360  B.T.U./sq.ft./°F/h) 

X2  =  37  kcaI/mV°C/h/m  (25  B.T.U./sq.ft./°F/h/ft.)  for  steel 
=  94  kcaI/mV°C/h/m  (63  B.T.U./sq.ft./°F/h/ft.)  for  brass 

and: 


k2  =  30,830  kcal/mV°C/h  (6,350  B.T.U./sq.ft./°F/h)  for  steel 
k'2  =  78,300  kcal/m2/°C/h  (16,000  B.T.U./sq.ft./°F/h)  for  brass 
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Hence: 

k  =  1,437  kcal/m2/°C/h  (294  B. T.U. /sq.ft. /°F/h)  for  steel 
k'  =  1,477  kcal/m2/°C/h  (303  B.T.U./sq.ft./°F/h)  for  brass 

This  shows  that  the  influence  of  the  metal  used  for  the  tubes  is  insignificant,  contrary  to 
general  ideas. 

On  the  other  hand,  if  scale  is  formed,  the  factor  in  eqn.  (30.12)  should  be  replaced 
by  l/£4  and  \/k$,  for  the  transmission  from  metal  to  scale,  and  from  scale  to  juice,  respec- 
tively. Now  if  these  coefficients  are  much  lower  than  fc3,  sometimes  of  the  order  of  several 
units,  depending  on  the  material  and  composition  of  deposits,  they  will  cause  a  substantial 
drop  in  the  final  overall  coefficient  k,  as  the  deposition  of  scale  increases. 

Formula  (30.11)  makes  a  large  allowance  for  scale,  and  the  coefficient  6  (0.7)  can  often 
be  replaced  by  a  figure  up  to  8  (0.9),  if  there  is  little  fear  of  scale  formation. 

Very  approximately,  we  may  say  that  the  heat-transfer  coefficient  of  a  heater  cleaned 
regularly  is  of  the  order  of  600  kcal/mV°C/h  (125  B.T.U./sq.ft./°F/h),  and  that  it  would 
fall  to  approximately  400-300  (80-60)  if  it  were  operated  for  two  or  more  weeks  without 
cleaning. 

Giving  a  well-studied  formula  and  taking  into  account  the  number  of  hours  H  since  the 
last  cleaning  of  the  heater,  Wright6  gives,  for  tubes  of  stainless  steel  (metric  units): 

1       no.25        ,  /in  7£i  \  1 

1  =  1—  +    1     +  0.0035  tf08    \  +  ITir;  +   1   (30.13) 

K      4.35       13.5  \  IP    f      0.283  D  0  2        t  0467 

m 

D  =  diameter  of  tubes,  in  m 

K  =  heat-transfer  coefficient,  in  kW/m2/°C 

tm  =  mean  temperature  of  juice,  in  °C;  we  may  take:  tm  =  (t  +  to)/2 
U  =  velocity  of  juice,  in  m/s. 

If  it  is  a  case  of  a  primary  heater,  the  figure  4.35  may  be  replaced  by  3.8,  and  0.283  by 
0.295.  For  brass  tubes  instead  of  stainless  steel,  13.5  would  be  replaced  by  64. 

If  it  is  desired  to  ascertain  the  lowest  efficiency  of  the  heater  in  the  course  of  the  week  tak- 
ing into  account  Wright's  results,  eqn.  (30.11)  may  be  modified,  taking: 

/  U  V-8  /  135  -  Hos\    {  I  U\os  I  135  -  HM\\ 

k  =  5     in)     (—100-)    (*  =  0.6<r-32)(f)     (l-^1WH-))  (30.14) 

2ndformula.  We  give  another  formula  which  avoids  the  use  of  the  power  0.8,  while  still 
taking  into  account  the  increasing  scale  formation  and  which  gives  analogous  results.  The 
derivation  of  the  formula  follows. 

In  most  sugar  countries,  the  factory  is  operated  continuously  during  the  week  and  is  shut 
down  on  Sundays  to  clean  heaters  and  evaporator  vessels.  These  items xif  equipment  are  thus 
practically  clean  on  Monday  morning  and  accumulate  scale  throughout  the  week  (or 
throughout  the  fortnight,  where  cleaning  is  done  only  at  alternate  weekends).  It  is  interesting 
to  study  the  variation  of  this  coefficient  of  heat  transmission  during  that  period. 
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It  is  logical  to  assume  that  the  thickness  of  scale  in  the  heaters  and  evaporators  is  propor- 
tional to  the  weight  of  liquid  heated  or  evaporated,  thus  to  the  quantity  of  heat  transmitted. 
We  may  thus  write: 


t    =  time  elapsed  since  previous  cleaning 

k  —  heat-transfer  coefficient  at  time  t 

ko  =  heat-transfer  coefficient  at  t  =  0 

M  =  total  quantity  of  heat  transferred  since  time  t  =  0 

X   =  coefficient. 

Hence: 


M,  however,  is  proportional  to  the  coefficient  k  and  to  time: 


(30.15) 


—  +  \M 
k0 


(30.16) 


M 


otkt 


(30.17) 


a   =  numerical  coefficient. 
From  (30.16),  we  have: 


dM 


\k2 


and,  from  (30.17): 


dM 


ak  dt 


Hence: 


ak  dt  = 


dk 


\k2 


k 


Integrating: 


—  =  2  akt  +  b 
k2 


where  b  =  constanl 


454 


JUICE  HEATING 


Ch.  30 


Or: 


k  = 


1 


>fb- +  at 


placing  2  a\  -  a. 

The  relationship  just  established  for  the  apparent  heat-transfer  coefficient  k  may  be  equal- 
ly well  established  for  the  evaporation  coefficient  c  (cf.  p.  571). 

If  we  express  t  in  days  and  it  is  desired  to  express  the  coefficients  a  and  b  as  functions  of 
figures  generally  established,  we  may  write: 

k  =  ko  /— —         c  =  Co  /-A-  (30.18) 
yj  A  +  J  v  A  +  I 

ko  =  heat-transfer  coefficient  at  t  =  0 
Co  =  evaporation  coefficient  at  t  =  0 

A   =  a  number  varying  with  the  rapidity  of  scale  deposition,  which  in  turn  depends  on  the 

juice,  intensity  of  circulation  in  equipment,  design  of  equipment,  etc. 
/   =  number  of  days  elapsed  since  cleaning  the  heater  or  the  vessel. 
We  may  take  for  an  ordinary  heater  or  multiple  effect: 


For  favourable  conditions:  A  =  6 
For  average  conditions:  A  =  4 

For  unfavourable  conditions:    A  =  3 


Example.  A  heater  has  an  overall  heat-transfer  coefficient  £0  of  1,000  kcal/m2/°C/h  (205 
B.T.U./sq.ft./°F/h)  on  Monday  morning.  If  it  is  operating  under  fairly  good  conditions, 
characterised  by  A  =  6,  the  coefficient  on  Saturday  night  will  fall  to 


k  =  1,000  J~+  6  =  1,000  x  0.707  =  707  kcal/mV°C/h        (145  B.T.U./sq.ft./°F/h) 

If  it  is  desired  to  take  into  account  the  variation  in  heat-transfer  coefficient  over  the  course 
of  the  week,  we  may  take: 


/    I  I    \  O.K        /         A  I  \     /  I  I  \  U.X        /         A  \ 

k  =  IT  (~\      J   «k  =  MTT-  -32   —  (30.19) 

(  1.8/    VA  +  /       T  \  /  \6  )     VA  +  J) 


an  equation  taking  into  account  the  day  of  the  week.  We  may  also  replace  days  by  hours  by 
substituting  for: 

F~A~    .         ..  I~~24A 

/  the  fraction:       /  —  ~ 

yJA  +  J  v  24,4  +  H 


H  =  hours  elapsed  since  cleaning. 
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Variability  in  the  coefficient 

The  following  table,  quoted  by  Perk7,  gives  an  indication  of  the  variability  of  the  heat- 
transfer  coefficient  k,  as  ascertained  in  an  investigation  made  in  Java  in  1940  on  the  value 
of  the  overall  coefficient  k  for  various  vertical  heaters  in  9  factories: 


Webre*  reckons  approximately  1,200-1,500  kcal/mV°C/h  (250-300  B.T.U. /sq.ft./ 
°F/h),  values  appreciably  higher  than  those  quoted  by  Perk. 

On  account  of  these  variations,  it  is  advisable  to  determine  the  coefficient  k  for  the  existing 
heaters  in  the  factory,  to  deduce  from  it  the  value  of  a  factor  to  apply  to  the  second  term 
of  eqn.  (30.11)  or  (30.19)  and,  using  the  various  values  found,  to  apply  these  equations  with 
the  factor  which  appears  most  suitable  for  the  case  under  consideration. 

It  may  be  recalled  that  at  the  beginning  of  the  week,  that  is,  with  clean  tubes,  a  correctly 
designed  heater,  with  sufficient  juice  velocity,  has  a  heat-transfer  coefficient  of  the  order  of 
1,000  kcal/mV°C/h  (200  B.T.U. /sq.ft. /°F/h). 

Circulation  velocity 

We  have  seen  the  important  effect  of  juice  velocity  in  the  tubes  on  the  efficiency  of  a  heater. 
This  is  the  reason  for  dividing  heaters  into  compartments  separated  by  baffles. 

For  effective  use  of  this  equipment,  it  is  advisable  that  the  juice  velocity  should  not  fall 
below  1,5  m/s  (5  ft./s).  Otherwise,  not  only  would  the  heat-transfer  coefficient  be  lower  on 
Monday  morning,  but  the  heater  would  foul  more  rapidly,  and  the  temperature  of  the  hot 
juice  would  fall  all  the  more  rapidly  during  the  week. 

On  the  other  hand,  at  high  velocities  the  passage  of  the  juice  through  the  heater  causes 
a  marked  pressure  drop,  which  rapidly  becomes  prohibitive.  For  this  reason,  a  velocity  of 
2.2  m/s  (7-7.5  ft./s)  is  seldom  exceeded,  and  the  best  velocities  to  be  aimed  at,  from  the 
economic  viewpoint,  are  between  1.5  and  2  m/s  (5  and  6.5  ft./s). 

Pressure  drop 

The  pressure  drop  suffered  by  the  juice  in  its  passage  through  a  heater  is  calculated  according 
to  the  following  considerations: 

(/)  The  kinematic  viscosity  of  the  juice,  v  =  r;g/w,  is  of  the  order  of  (0.5-  1)  X  W'6 
mVs  at  the  reheating  temperatures  (40-  100°C)  (c/.  p.  1117): 
v   =  kinematic  viscosity,  in  mVs 
t)   =  absolute  viscosity,  in  kg  s/m2 
w  =  specific  gravity,  in  kg/m3 


Value  of  k 

(kcal/m2/°C/h)     (B.  T.  U./sq.ft./°F/h) 


Heated  by  exhaust  steam: 


225-  1,127  46-231 

212-  1,080  43-221 

201  -    630  41  -  129 

129-    612  26-125 

276-    517  57-105 


Heated  by  Ist-ef feet  vapour: 
Heated  by  2nd-effect  vapour: 
Heated  by  3rd-effect  vapour: 
Heated  by  last-effect  vapour: 


g  =  9.81  m/s2. 
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(2)  The  Reynolds  number  R  =  VD/v  (dimensionless  -  cf.  p.  1116)  is  of  the  order  of 
50,000-200,000.  The  flow  is  therefore  turbulent  (flow  is  laminar  when  R  is  less  than  2,320, 
turbulent  if  R  is  above  3,000): 

V  =  velocity  of  juice  in  the  tubes,  in  m/s 
D  =  diameter  of  tubes,  in  m. 

(3)  The  coefficient  of  resistance  X  (cf.  p.  1118)  varies  considerably  according  to  the  condi- 
tion of  the  tube.  When  it  is  new  or  clean,  it  may  be  considered  as  smooth;  the  coefficient 
X  (dimensionless)  is  then  of  the  order  of  0.016-0.020.  As  soon  as  the  tube  becomes  scaled 
or  dirty,  it  should  be  considered  as  rough,  and  the  coefficient  then  varies  between  0.025  and 
0.100.  It  may  be  assumed  that  at  the  end  of  the  week  it  often  reaches  0.05. 

Since  head  losses  are  generally  used  in  calculating  pump  requirements,  it  is  desirable  to 
base  them  on  the  values  assumed  by  X  at  the  end  of  the  week. 

(4)  The  loss  of  head  due  to  the  180°  change  of  direction  at  the  end  of  each  pass  may  be 
considered  as  equivalent  to  a  length  of  1.5  times  the  diameter  of  the  tube*  Since  there  are 
2  changes  of  direction  for  each  tube,  one  at  each  end,  the  equivalent  tube  length,  taking  these 
into  account,  becomes: 

L  =  I  +  (2  X  1.5)  D  =  I  +  3D 
The  head  loss  is  thus  given  by: 

Ap  =  X^U*-^  (30.20) 
2g  D 

Ap  =  loss  of  head  in  the  whole  heater,  in  kg/m2 

L    =  total  equivalent  length  of  travel  in  the  heater,  taking  into  account  comment  (4), 
with: 

L  =  n  (I  +  3D) 

n    =  number  of  passes  in  the  heater 
/    =  length  of  tube,  in  m. 

Taking  the  value  at  the  end  of  the  week  for  X  and  the  mean  values  for  the  terms: 

1 .050  «  ii  4.  'X  n\  n  (i  -i-  %  n\ 

A/)  =  0.05x  x  Fx  -   =   2,5  V2       .  kg/m2  (30.21) 

Z   X    y.o  U  L) 

If  it  is  desired  to  express  A/7  in  metres  (feet)  of  water,  the  above  values  must  be  divided 
by  1,000.  We  have  then: 

J  =  0.0025  nU2  (  -  +  3  \         {  0.00075  nU2  (  -  +  3  1 1  (30.22) 
\  u       }         \  \  L)       i  r 


J  =  pressure  drop  caused  by  passage  through  the  heater,  in  m  (ft.)  of  water 
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V  =  velocity  of  juice  in  the  tubes,  in  m/s  (ft./s) 

n  =  number  of  passes  in  the  heater 

/  =  length  of  each  tube,  in  m  (ft.) 

D  =  inside  diameter  of  the  tubes,  in  m  (ft.). 

Temperature  margin 

Practical  application  of  juice-heater  calculations  shows  that,  if  excessive  values  of  heating 
surface  are  to  be  avoided,  it  is  desirable  to  arrange  for  a  certain  margin  between  the 
temperature  Tofthe  heating  vapour  and  the  temperature  t  required  for  the  heated  juice  leav- 
ing the  heater. 

With  the  object  of  economy,  one  should  strive  to  limit  the  temperature  t  required,  in  such 
a  way  as  to  maintain  the  margins  of  temperature  given  in  Table  30.1. 


TABLE  30.1 

MARGIN  OF  TEMPERATURE  TO  BE  ALLOWED  IN  JUICE  HEATERS 


Heating  medium  Temperature  margin  T  -  t 

CQ  (°F) 


Exhaust  steam  5-8  10-15 

Vapour  from  1st  vessel  10-12  18-22 

Vapour  from  other  vessels  15-20  27-36 


Otherwise,  the  excessive  heating  surface  which  will  be  necessary  to  obtain  a  hotter  juice 
would  be  out  of  proportion  to  the  gain  in  temperature  so  obtained. 

Juice  heating  is  generally  done  in  stages,  at  least  in  the  main  battery  of  heaters,  by  taking 
vapours  from  the  various  vessels  of  the  multiple  effects  in  turn,  and  finishing  with  exhaust 
steam;  thus  a  battery  will  be  obtained  having  a  reasonable  number  of  heaters  of  optimal 
heating  surface. 


DESIGN  OF  A  BATTERY  OF  HEATERS 


Data.  Suppose: 


Crushing  rate  of  the  factory:  100  t.c.h. 

Weight  of  mixed  juice  produced:  100%  on  cane 

Density  of  mixed  juice:  1.05 

Temperature  of  cold  juice:  30°C  (86°F) 

Back  pressure:  0.5  kg/cm2  (7  p.s.i.) 

Quadruple  effect:  4  equal  vessels  each  720  m2  (7,750  sq.ft.) 


We  shall  assume  that  this  quadruple  effect  operates  under  the  following  scale  of 
temperatures: 
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letnp. 

T 
1 

Latent  heat  r 

(°F\ 

(kcal/kg) 

(B.T.U./lb.) 

Steam  to  1st  effect 

111 

232 

532 

957 

Vapour  from  1st  effect 

102 

216 

538 

967 

Vapour  from  2nd  effect 

92 

198 

544 

979 

Vapour  from  3rd  effect 

80 

176 

551 

992 

Vapour  from  4th  effect 

55 

131 

566 

1,019 

and  that  the  evaporation  capacity  of  each  effect  is  according  to  the  following  scale  (cf.  p. 
580): 


H.S. 

Evap.  rate 

Total 

evap. 

(sq.ft.) 

kg/m*/h) 

(Ib./sq.ft./h) 

(kg/h) 

flb.h) 

1st  effect 

720 

7,750 

38 

7.8 

27,360 

60,450 

2nd  effect 

720 

7,750 

32 

6.6 

23,040 

51,150 

3rd  effect 

720 

7,750 

24 

.  4.9 

17,280 

37,975 

4th  effect 

720 

7,750 

22  • 

4.5 

15,840 

34,875 

Choice  of  heating  stages 

We  shall  strive  to  utilise  to  the  best  advantage  the  possibilities  of  each  vessel  by  bleeding  from 
each  the  quantity  of  vapour  which  it  can  supply  above  that  necessary  for  the  following  vessel. 
We  shall  assume  that  no  vapour  bleeding  is  used  for  pans. 

However,  we  shall  not  make  use  of  the  excess  of  the  3rd  effect  over  the  4th,  which  is  not 
worth  the  trouble.  We  shall  suppose  in  this  case  that  the  last  2  vessels  equalise  and  each  fur- 
nish 16,500  kg/h  (36,400  lb./h). 

Heater  No.  1.  The  surplus  of  the  2nd  effect  is  therefore: 

23,040  -  16,500  =  6,540  kg/h  (14,750  Ib./h) 

Using  this  in  a  heater  receiving  the  cold  juice,  we  may  heat  this  juice  to  a  temperature  A 
such  that: 

100  x  1,000  x  0.9  (f,  -  30) 

6,540  =  

544  x  0.95 

whence: 

ti  =  67°C  (154°F) 


Heater  No.  2.  In  its  turn,  the  1st  effect  has  a  surplus  of  27,360  -  23,040  =  4,320  kg/h 
(9,300  Ib./h)  and  could  thus  heat  the  juice  leaving  No.  1  heater  to  a  temperature  ti  such  that: 
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0  X  1,000  x  0.9  (t2  -  67) 

4  320  =  —  _  L 

538  x  0.95 

whence: 

U  =  91°C  (196°F) 

Heater  No.  3.  It  remains  then  to  raise  the  juice  from  91 °C  to  103  -  104°C  (218  -  220°F) 
by  means  of  exhaust  steam. 

Calculation  of  heating  surfaces 

We  may  anticipate  that  the  required  heaters  will  be  found  for  example  in  a  series  of  75  m2 
(807  sq.ft.)  with  14  passes  each  of  13  stainless-steel  tubes  of  35.6  X  38  mm. 
The  volume  of  juice  to  be  heated  is: 

100  x  1.000 

Q  =  =  95,240  1/h  (3,420  cu.ft./h) 

As  these  heaters  give  an  output  of  46,600  1/h  for  a  juice  velocity  of  1  m/s  (or  502  cu.ft./h 
for  1  ft./s),  the  velocity  for  an  output  of  95,240  1/h  of  juice  will  be: 


V  =  95^40  =  2.04  m/s  (6.8  ft./s) 
46,600 


This  is  a  very  high  velocity,  but  is  acceptable  if  no  increase  in  tonnage  is  planned  for  the 
factory.  It  is  desirable  to  seek  velocities  of  the  order  of  1.6-1.9  m/s,  which  will  leave  a 
slightly  greater  margin  from  this  point  of  view.  The  principal  difficulty  with  a  velocity  of  2 
m/s  (6.5  ft./s)  lies  in  the  pressure  drop,  which  necessitates  the  interposition  of  a  second 
pump,  after  the  first  two  or  three  heaters,  in  order  to  avoid  bursting  of  the  bottom  doors 
by  excess  pressure. 

No.  I  heater  from  second  effect.  The  heat-transfer  coefficient  of  the  first  heater  will  be 
(eqn.  (30.11)): 


ki  =  67"|-^°8=  6  x  92  x  1.333° 8  =  610  kcaI/mV°C/h  (125  B.T.U./sq.ft./°F/h) 

and  its  heating  surface  (eqn.  (30.5)): 

pc   ,     T  -  h     100  x  1,000  x  0.9  ,     92  -  30 

Si  =  —    In   =  In  

ki  T  -  ti  610  92  -  67 
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or: 

c      1,000x100x0.9  62  ...  ft . 

S\  -  —  *  a.j>  —  —  jjy.j  *  =  134  m2  (1,484  sq.ft) 

610  25 

We  shall  choose  two  heaters  each  of  75  m2  giving  150  m2,  which  will  give  a  good  margin  of 
safety. 

Normally,  we  shall  thus  obtain,  instead  of  the  temperature  of  67°C  (154°F)  sought,  a 
temperature     (eqn.  (30.4))  given  by: 


U  ~  92  -  (92  -  30)  e-" 


where: 


Hence: 


610  x  150 

"  =  ^oToocr  -  101667 

loge~n-  -0.4343  x  1.01667  =  T  .55846 
e"  =  0.3618 

ti  =  92  -  (62  x  0.3618)  =  92  -  22  =  70°C  (158°F) 

In  fact,  it  is  wise  not  to  count  on  the  margin  of  safety  thus  calculated,  but  to  reckon  only 
on  the  67°C  (I54°F)  originally  adopted. 

No.  2  heater  from  first  vessel.  We  have  in  the  same  way: 

ki  =  6  x  102  x  (^)°'8  =  676  kcal/m2/°C/h         (138  B.T.U./sq.ft./°F/h> 

90,000  ,    102  -  67     . . .    ,  n  ,nn      .  , 

S2  -  —        iff   — "  154  m3  (1,600  sq.ft.) 

676        102  -  91 

We  shall  take  again  two  heaters  each  of  75  m2>  identical  to  the  two  preceding  ones. 

No.  3  heater  using  exhaust  steam.  We  have  in  the  same  way: 

k}  -  6  x  111  x  1.105  =  736  kcal/mV°C/h         (155  B.T.U./sq.ft./°F/h) 

90,000   ,     111  -    91      ...    ,  n  _Q     ft  , 

^  ?         lt  =  112  m2  (1,229  sq.ft.) 

736  111  -  103 

We  shall  take  again,  to  complete  the  standardisation,  two  heaters  each  of  75  m2.  It  is  likely 
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that  one  of  these  two  will  suffice  on  Monday  and  Tuesday,  to  attain  a  temperature  of  102°C 
(216°F),  the  other  on  Wednesday  and  Thursday,  and  the  two  together  to  finish  the  week. 
We  shall  thus  have  a  large  and  homogeneous  battery,  which  is  valuable  for  provision  of 
replacement  tubes. 

Comments.  (7)  In  each  case  we  could,  instead  of  starting  again  for  each  stage  from  the 
temperature  chosen  for  the  previous  stage,  calculate  the  temperature  which  the  heating  sur- 
face chosen  will  give,  and  commence  with  that  temperature  as  to.  The  degree  of  accuracy  of 
the  heater  calculations  does  not  justify  this. 

(2)  Our  eqn.  (30.11)  corresponds  to  a  conservative  average.  Even  at  the  end  of  the  week, 
better  heat-transfer  coefficients  are  sometimes  obtained.  If  these  are  sufficiently  assured,  the 
second  term  in  this  equation  could  be  multiplied  by  an  appropriate  factor,  such  as  1.1  or 
1.2. 

(3)  To  avoid  risk  of  depriving  the  following  evaporator  vessel  of  part  of  the  vapour  which 
it  requires,  it  will  be  necessary  either  to  avoid  providing  too  great  a  margin  in  the  choice  of 
heating  surfaces,  or  to  throttle  the  vapour  valve  so  as  not  to  exceed  the  set  temperature. 

(4)  When  the  back  pressure  is  sufficient  (above  about  0.7  kg/cm2  (10  p.s.i.)),  a 
temperature  of  103°C  (218°F)  may  be  attained  with  vapour  from  the  first  vessel  and  thus 
exhaust  steam  will  not  be  required.  It  is  thus  advisable  to  provide  for  the  last  heater  an 
exhaust-steam  connection  regulated  by  a  controller  of  Schlumberger,  Amri,  Masoneilan  or 
similar  type,  admitting  exhaust  steam  when  thejuice  temperature  falls  below  101  or  102°C(214 
or216°F). 

(5)  Some  heaters  may  advantageously  be  provided  with  two  vapour  connections;  second 
and  first  effects,  or  first  effect  and  exhaust,  for  example.  At  the  beginning  of  the  week,  the 
vapour  of  lower  temperature  may  be  used;  when  the  heater  becomes  fouled  and  does  not  give 
the  required  temperature,  a  change  will  be  made  to  the  higher-temperature  vapour. 

Final  temperature 

A  temperature  of  105°C  (222°F)  leaving  the  final  heater  should  not  be  exceeded.  Webre9  con- 
siders that  the  higher  thejuice  temperature,  the  greater  is  the  risk  that  waxes,  molten  at  such 
temperatures,  will  be  emulsified  by  the  ebullition  occurring  in  the  flash  tank  ahead  of  the 
clarifier.  They  then  become  very  difficult  to  remove. 

Definition  of  heating  surface 

The  heating  surface  of  a  juice  heater  refers  to  the  inside  area  of  the  tubes.  This  convention 
is  not  universal,  but  it  is  general  in  France,  and  it  is  logical,  since  it  is  the  coefficient  of 
transfer  from  tube  to  juice  that  is  the  limiting  factor;  transmission  from  vapour  to  the  outer 
surface  of  the  tube  is  much  more  rapid.  It  is  therefore  the  area  of  the  boundary  between  tube 
and  juice  which  determines  the  capacity  of  the  heater,  and  it  is  certainly  that  surface  which 
is  the  best  measure  of  capacity. 

The  area  of  tube  plate  between  the  tubes  is  neglected.  However,  certain  manufacturers, 
who  neglect  this,  take  it  into  account  in  some  measure  by  calculating  the  area  from  the  overall 
length  of  the  tubes,  between  the  outer  faces  of  the  tube  plates.  This  is  the  system  adopted 
in  particular  by  French  manufacturers. 
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English  manufacturers  calculate  the  heating  surface  from  the  outside  of  the  tubes  (Perk10). 
American  manufacturers  (Meade11)  follow  a  similar  practice.  It  is  as  well  to  be  aware  of 
this;  with  tubes  of  31  x  35  mm,  the  difference  between  the  two  areas  exceeds  11%. 

Total  heating  surface  required 

What  is  the  total  heating  surface  required  in  an  ordinary  cane  sugar  factory,  using  defecation 
or  sulphitation? 

Deerr12  specifies  4  mVt.c.h.  (45  sq.ft./t.c.h.),  Tromp13  3-4  mVt.c.h.  (35-45  sq.ft./ 
t.c.h.). 

In  South  Africa14  installations  vary  from  2  to  9  mVt.c.h.  (24-100  sq.ft./t.c.h.),  4  being 
considered  a  standard  figure,  but  more  recently15  increased  to  8  mVt.c.h.  (84  sq.ft./t.c.h.) 
including  the  reheaters  before  the  evaporators. 

In  Cuba16  3.5  mVt.c.h.  (38  sq.ft./t.c.h.)  was  recommended  for  a  juice  velocity  of  1.8  m/s 
(6  ft./s). 

In  Puerto  Rico17  the  mean  for  ail  factories  for  the  1948  campaign  gave  3.3  m2  (36  sq.ft.), 
the  extreme  figures  being  2  and  5.1  mVt.c.h.  (22  and  56  sq.ft./t.c.h.). 

If  heating  is  to  be  done  in  stages,  with  vapour  bleeding  from  at  least  2  effects,  it  is 
necesssary  to  reckon  on: 

4.5-6  mVt.c.h.  (50-65  sq.ft./t.c.h.)  for  the  normal  battery 

1-1.5  mVt.c.h.  (10-  15  sq.ft./t.c.h.)  more,  in  the  case  of  fractional  liming  and  double 
heating. 

Addition  of  a  heater-condenser  would  increase  these  figures  appreciably. 


CONSTRUCTION  OF  HEATERS 

The  cylindrical  shell  containing  the  tube  plates  is  extended  at  each  end  beyond  the  tube  plate, 
the  extended  portion  being  divided  into  compartments  by  baffles. 

Except  for  the  first  compartment,  by  which  the  juice  enters,  and  the  last,  or  outlet,  both 
of  which  are  located  in  the  top  upper  recess  for  vertical  heaters,  each  compartment  provides 
for  2  passes:  upward  and  downward.  If  there  are  10  tubes  per  pass,  for  example,  there  will 
be  20  tubes  for  each  compartment,  10  for  upward  and  10  for  downward  flow.  We  give  (Fig. 
30.2)  a  view  from  above  of  the  top  compartment  and  of  the  bottom  cover,  showing  the  mode 
of  circulation. 

The  shell  is  generally  of  mild  steel  plate.  The  extensions  at  both  ends  were  previously  of 
cast  iron,  but  are  much  stronger  if  made  of  cast  steel.  The  doors  also  should  be  of  steel,  if 
they  are  to  withstand  the  pressures  produced  by  the  pressure  drops  corresponding  to  high 
velocities  in  long  batteries  of  heaters. 

Tubes 

When  the  tubes  reach  or  exceed  4  m  (13  ft.)  in  length,  there  is  a  risk  of  trouble  due  to  the 
difference  in  expansion  between  tubes  and  shell,  since  the  former  are  always  hotter  than  the 
latter;  it  is  then  advisable  to  construct  the  shell  in  two  portions  separated  by  an  expansion 
joint.  Certain  manufacturers  go  as  far  as  4.5  m  (15  ft.)  without  a  joint,  but  it  is  then  found 
that  the  tubes  become  bent  and  wear  more  rapidly  with  cleaning. 
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Section  at  top 
(view  from  above) 


Juice  I 
inlet 


Juice 

outlet  I 


0   Tubes  in  which  the  juice  rises 
ffl   Tubes  in  which  the  juice  descends 

Section  at  bottom 
(view  from  above) 


Fig.  30.2.  Juice  circulation  in  a  heater. 


TABLE  30.2 


SERIES  OF  HEATERS  (FIVES  CAIL  -  BABCOCK) 

Series  1 
Short  Vertical  Heaters 
12  Passes:  Length  of  Tubes  3.9  m  (35.6  x  38.1  mm) 


Heating  surface  (m2J 


40 

50 

60 

75 

100 

120 

750 

200 

Number  of  tubes 

96 

120 

144 

180 

240 

288 

360 

480 

Tubes  per  pass 

8 

10 

12 

15 

20 

24 

30 

40 

Ext.  dia.  D  (mm) 

740 

780 

850 

890 

1020 

1100 

1220 

1350 

Tube  cross-section  (dm2) 

0.796 

0.995 

1.194 

1.493 

1.991 

3.389 

2.986 

3.981 

Juice  flow  (mVh)  (v  =  1  m/s) 

28.7 

35.8 

43 

53.7 

71.7 

86 

107.5 

143.3 
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Series  2 
Long  Vertical  Heaters 
8  Passes:  Length  of  Tubes  6  m  (35.6  x  38.1  mm) 


Healing 

surface  fm1) 

750 

200 

250 

300 

350 

400 

Number  of  tubes 

240 

320 

392 

All 

552 

632 

Tubes  per  pass 

30 

40 

49 

59 

69 

79 

Ext.  dia.Z)(mm) 

1071 

1196 

1326 

1401 

1511 

1586 

Tube  cross-section  (dm2) 

2.986 

3.982 

4.877 

5.873 

6.868 

7.863 

Juice  flow  (m'/h)  (v  =  1  m/s) 

107.5 

143.3 

175.6 

211.4 

247.3 

283.1 

Factory  capacity  (t.c./day) 

3,000 

4,000 

5,000 

6,000 

7,000 

8,000 

Fives  Cail-  Babcock  did  not  exceed  3.9  m  in  tube  length,  but  now  make  heaters  with  6-m 
(20-ft.)  tubes  (Table  30.2)  without  apparent  trouble  due  to  expansion.  The  same  long  tube 
heaters  are  supplemented  by  a  "sweeper"  series,  in  which  the  juice  travels  from  top  to  bot- 
tom and  bottom  to  top  in  concentric  annular  spaces,  thus  assuring  effective  vapour -juice 
circulation  and  reducing  the  loss  due  to  incondensible  gases. 

The  tube  plates  should  preferably  be  of  the  same  metal  as  the  tubes,  to  avoid  electrolytic 
effects. 

The  tubes  were  previously  in  brass,  the  composition  of  this  metal  being  for  example:  70% 
Cu,  29%  Zn,  1  %  Sn.  In  France,  brass  designated  U-Z  36  =  64%  Cu,  36%  Zn  was  often 
used.  The  tubes  are  now  generally  made  in  stainless  steel  type  430  or  A15I304,  which  gives 
the  longest  life.  The  commonest  diameters  in  brass  are: 

32  X  35  mm  35  X  38  mm  42  x  45  mm  46  x  50  mm 
(HXlfin.)     (lixliin.)     (Ifxlfin.)     (1^x2  in.) 

and  for  stainless  steel,  generally  35  or  35.6  x  38.1  mm  (II  x  lj  in.). 

It  is  not  logical  to  retain  different  diameters  so  close  together  and  it  would  be  desirable 
to  adopt  a  single  standard  diameter,  such  as  35.6  x  38.1  mm  (If  x  1|  in.),  as  recommended 
by  Fives  Cail  -  Babcock. 

For  this  exterior  diameter  of  38.1  mm  (lj  in.),  the  thicknesses  recommended  are: 

Brass:  1.6  mm  (0.063  in.) 

Copper:  1.6  mm  (0.063  in.) 

Steel:  2.0  mm  (0.079  in.) 

Stainless  steel:  1.2  mm  (0.047  in.) 

Each  heater  should  be  furnished  with  two  thermometers,  designed  for  easy  and  immediate 
reading,  giving  the  entry  and  exit  temperatures  of  the  juice. 

While  tubes  of  stainless  steel  are  to  be  recommended  for  a  new  heater,  they  are  not  in- 
dicated for  replacing  a  set  of  tubes  in  a  used  heater;  they  are  less  adaptable  to  being  expanded 


CONSTRUCTION  OF  HEATERS 


465 


into  tube  plates  which  are  somewhat  worn.  The  replacement  tubes  should  be  of  brass  or  cop- 
per, and  should  all  be  replaced  at  the  one  time. 

Horizontal  and  vertical  heaters 

The  British  practice  is  to  build  heaters  with  the  axis  horizontal,  while  the  French  use  vertical 
types.  The  latter  arrangement  generally  allows  the  heaters  to  be  accommodated  and  grouped 
more  readily.  On  the  other  hand,  horizontal  heaters  are  considered  to  have  a  higher  heat- 
transfer  coefficient:  Buchanan18  estimates  this  difference  at  13-28%,  according  to  the 
degree  of  cleanliness  of  the  heating  surfaces  (28%  for  clean  surfaces,  13%  for  scaled  sur- 
faces), or  about  20%  as  an  average.  Heaters  of  diameter  greater  than  1 .2  m  (4  ft.)  are  general- 
ly arranged  horizontally. 

The  type  of  heater  adopted  very  generally  in  Australia  is  somewhat  different  from  the  nor- 
mal type  as  shown  in  Fig.  30. 1 .  These  are  heavy  horizontal  cylindrical  heaters  without  com- 
partments; the  juice  passes  through  several  tubes  in  parallel,  and  flow  is  repeatedly  reversed 
by  headers  fixed  to  the  end  tube  plates,  which  take  the  place  of  end  covers  in  the  more  com- 
mon type  of  heater.  The  heaters  are  normally  not  opened  for  cleaning,  cleaning  being  ef- 
fected by  chemical  means,  with  circulation  through  the  tubes  of  a  7%  solution  of  caustic 
soda. 

Incondensable  gases.  Heaters  using  exhaust  steam  are  generally  provided  with  a  simple 
incondensable-gas  pipe  discharging  to  atmosphere,  and  it  is  sufficient  to  leave  this  just 
"cracked"  open. 

Heaters  working  on  bled  vapour,  on  the  other  hand,  demand  a  generously  designed 
incondensable-gas  pipe.  The  withdrawal  should  be  made  with  a  drop  of  one  stage  of  pressure 
when  the  heater  is  close  to  the  evaporator  (the  incondensables  from  a  heater  using  lst-effect 
vapour  should  be  taken  to  the  top  of  the  2nd  effect),  but  of  2  stages  if  the  heater  is  at  a 
distance  (1st  to  3rd  effect). 

The  incondensables  should  be  withdrawn  from  the  top  as  well  as  from  the  bottom  of  the 
shell.  The  withdrawal  pipe  serving  the  bottom  of  the  heater  should  terminate  10  cm  (4  in.) 
from  the  bottom,  in  order  to  avoid  picking  up  condensate. 

The  incondensable-gas  pipe  should  have  a  cross-section  of  at  least  1  cm2  per  10  m2  (1  sq.in. 
per  700  sq.ft.)  of  heating  surface. 

Condensates.  Condensate  outlets  from  the  heater  should  be  sufficient  to  ensure  that  the 
velocity  of  flow  of  the  water  does  not  exceed  1  m/s  (3  ft./s). 

Vapour  pipes.  The  steam  and  vapour  pipes  should  be  so  designed  that  the  velocity  of  the 
vapour  does  not  exceed  30  m/s  (100  ft./s). 

The  vapour  entry  should  be  placed  about  one-quarter  of  the  length  down  from  the  top  of 
the  heater  (in  the  case  of  a  vertical  heater).  This  arrangement  avoids  excessive  vibration  and 
breakages  of  tubes,  and  facilitates  escape  of  condensate  along  the  tubes  (Perk19). 

In  long  tube  heaters,  the  shock  of  vapour  entry  to  the  tubes  may  be  avoided,  and  steam 
distribution  improved,  by  the  installation  of  a  skirt  in  the  heater,  surrounding  the  tubes.  This 
cylindrical  skirt  is  more  effective  if  placed  eccentric  to  the  body  of  the  heater,  forming  a  space 
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proportional  to  the  quantity  of  steam  remaining:  i.e.  maximum  space  near  the  entry  and 
minimum  at  the  opposite  side  of  the  heater. 

Pressure  test.  Heaters  are  tested,  according  to  the  intended  vapour  pressure: 
Vapour  side:  at  5  bars  (73  p.s.i.) 
Juice  side:  at  9  bars  (130  p.s.i.). 

The  permissible  working  pressure  is  2.5  bars  on  vapour  side,  6  bars  on  juice  side. 

Pressure  on  bottom  doors 

The  pressure  on  the  lower  doors  and  bottom  portions  of  the  heaters  is  calculated  as  follows: 
we  take  the  delivery  head  of  juice  from  the  heater  outlet  to  the  final  juice-discharge  level; 
we  add  the  height  of  juice  in  the  heater,  the  loss  of  head  in  the  heaters  following  it;  and  it 
is  assumed  that  the  pressure  due  to  the  loss  of  head  in  the  heater  under  consideration  is  equal 
to  half  the  total  loss  of  head  for  that  heater. 

Generally  the  difference  in  density  between  juice  and  water  is  neglected,  and  the  height  of 
juice  above  the  bottom  is  taken  as  equal  to  the  height  of  the  tubes. 

Example.  To  calculate  the  pressure  acting  on  the  bottom  of  the  first  heater  (obviously  the 
heaviest  loaded)  of  a  battery  of  3  heaters  of  12  passes  each  of  19  tubes  of  31  X  35  mm  (lj 
x  1|  in.)  heating  100,000  1/h  (3,600  cu.ft./h)  of  juice. 

Height  of  juice  discharge  above  the  outlet  of  the  heaters: 


h  =  2  m  (6  ft.) 


Length  of  tubes  of  each  heater: 


/  =  3.7  m  (12  ft.) 


Solution.  Cross-section  of  juice  passage  in  the  heaters: 


s  =  19  x 


7T  x  0.312 


=  1.43  dm2  (0.1620  sq.ft.) 


Juice  flow: 


Q  = 


100,000 


=  27.8  1/5  (1.00  cu.ft./s) 


3,600 


Velocity  of  juice  in  the  heaters: 


778 


1.43 


=  19.4  dm/s  =  1.94  m/s  (6.17  ft./s) 
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Loss  of  head  in  each  heater  (eqn.  (30.22)): 

13.80  m  (40  ft.) 


m  fi. 

2.0  1 

3.70  12 

1.0  3 

27.60  80 

6.90  20 


41.20  122 

If  it  were  desired  to  calculate  the  delivery  pressure  at  the  pump  pumping  the  juice  through 
the  heaters,  we  should  have: 

m  ft. 

Discharge  head:  pump  to  heaters:                                               4.50  15 

heaters  to  final  level:                                       2.0  7 

Losses  of  head: 

(a)  in  delivery  pipes  (pump  to  heaters  +  heaters  to  discharge):       1.50  5 

(b)  in  three  heaters  (13.8  x  3):                                               41.40  120 


49.40  147 

It  will  be  seen  that  high  velocities  of  circulation  lead  to  high  pressures  for  the  tube  sizes 
normally  employed  by  French  manufacturers.  The  heaters  and  their  pumps  should  be  design- 
ed accordingly. 

Heater-condenser 

It  will  be  seen  in  Chapter  32  (see  p.  566)  that  the  further  advanced  the  vessel  from  which  the 
vapour  bleeding  is  done,  the  greater  is  the  steam  economy.  If  it  is  the  vapour  from  the  last 
effect  that  is  utilised,  economy  will  be  complete,  since  this  vapour  would  otherwise  go  to  the 
condenser  and  be  lost. 

Further,  by  utilising  this  vapour,  the  load  on  the  condenser  is  reduced  by  reducing  the 
weight  of  vapour  to  be  condensed. 

Hence  a  heater  is  sometimes  interposed,  called  a  heater-condenser,  in  the  vapour  pipe  bet- 
ween the  last  effect  and  the  condenser. 


J=  0.0025  X  12  x  1.94^  -^L  +  3  J I  = 
Pressure  acting  on  the  bottom  of  the  first  heater: 


Head  above  heaters 
Height  of  juice  in  heater: 

Loss  of  head: 

In  delivery  pipe  (estimated): 

In  the  last  two  heaters  =  13.8  x  2: 

Mean  in  1st.  heater      =  13.8  -  2: 
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This  heater  can  work  only  on  cold  juice,  since  the  temperature  of  the  hot  juice  which  it 
can  deliver  is  limited  by  that  of  the  vapour,  that  is,  by  the  vapour  temperature  corresponding 
to  the  vacuum  in  the  condenser  (50-60°C;  120-  140°F).  It  is  difficult,  in  these  conditions, 
to  maintain  an  economic  margin  of  temperature  between  vapour  and  hot  juice,  and  this  leads 
to  large  heating  surfaces,  and  hence  to  an  expensive  unit.  It  will  be  necessary  to  balance  its 
cost  against  the  small  gain  in  heat  units  to  be  expected  from  it.  Similarly,  the  extra  length 
of  juice  piping  required,  sometimes  rather  long  and  complicated,  must  be  taken  into  account. 

The  heater-condenser  is  calculated  as  for  an  ordinary  heater.  When  one  is  installed,  it 
amounts  in  itself  to  about  3  mVt.c.h.  (32  sq.ft./t.c.h.). 

Series  of  heater  sizes 

We  gave  in  Table  30.2  data  for  the  series  of  heaters  supplied  by  Fives  Cail-Babcock.  It  is 
obviously  possible  to  fabricate  heaters  with  tubes  of  any  diameter  desired,  but  the  series  in- 
dicated is  recommended  as  standard. 
All  the  heaters  have  similar  tubes: 

Outside  diameter:  38    mm  (lj  in.) 

Total  length:  3,900    mm  (12  ft.  10  in.)  and  6,000  mm  (19  ft.  8  in.) 
Effective  length  between  plates:     3,835    mm  (12  ft.  7  in.)  and  5,935  mm  (19  ft.  6  in.) 
Thickness  (stainless  steel):  1.2  mm  (0.047  in.) 

The  true  heating  surface,  which  depends  on  the  thickness,  will  depend  on  the  metal  chosen 
for  the  tubes. 

The  output  Q'  in  hl/h  of  juice  for  a  juice  velocity  V  is  deduced  from  the  output  Q  given 
for  a  velocity  of  1  m/s  by  multiplying  the  latter  by  V  :  Q'  =  Q  x   V . 
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31.  Filtration 


The  clarification  process  separates  the  juices  treated  into  two  layers  or  two  parts: 

(a)  The  clear  juice,  which  rises  to  the  surface 

(b)  The  mud,  which  collects  at  the  bottom. 

The  clear  juice  goes  to  manufacture,  that  is,  in  general,  direct  to  the  evaporators.  The  mud 
has  first  to  be  filtered,  in  order  to  separate  from  the  juice  the  suspended  matter  which  it  con- 
tains, with  the  insoluble  salts  formed  and  the  fine  bagasse  entrained  with  them. 


CONDITIONS  FOR  GOOD  FILTRATION 

Filtration  is  sometimes  a  tricky  operation,  and  difficult  to  control.  To  combine  the  best 
chances  of  carrying  it  out  satisfactorily,  it  is  necessary  to  observe  several  points: 

(1)  Temperature.  The  viscosity  of  the  juices  and  especially  that  of  the  gums  and  waxes, 
which  have  to  pass  through  the  filtering  surface,  decreases  as  the  temperature  increases.  It 
is  therefore  of  advantage  to  filter  the  juice  at  a  high  temperature.  Preferably,  temperatures 
above  80°C  (175°F)  will  be  used. 

(2)  Reaction.  Alkaline  juices  filter  better  than  acid  or  neutral  juices;  hence  it  was  general 
custom  to  add  lime  to  muds  before  sending  them  to  the  filtration  process,  raising  the  pH  to 
8-8.5.  This  was  necessary  with  filter  presses,  but  is  not  done  for  rotary  vacuum  filters. 


TYPES  OF  FILTER 

The  following  types  of  filter  have  been  used  in  the  sugar  factory: 
Filter  presses 

Mechanical  or  leaf  filters 
Continuous  rotary  vacuum  filters. 

The  first  two  types  have  disappeared  from  the  defecation  and  sulphitation  factories,  to 
their  benefit.  However,  filter  presses  still  remain  the  standard  system  for  carbonatation  fac- 
tories, for  the  filtration  of  juices  after  first  and  second  carbonatations.  We  shall  therefore 
give  a  brief  review  of  them. 

FILTER  PRESSES 

Description 

A  filter  press  (Fig.  31.1)  consists  of  a  series  of  plates  (Fig.  31.2)  separated  by  frames  of  thi 
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same  thickness,  separate  and  movable,  which  slide  on  two  supporting  bars  and  can  be  held 
firmly  against  each  other  by  means  of  a  screw  device  or  by  hydraulic  pressure. 

When  pressure  has  been  applied  and  the  filter  is  "closed  up",  the  openings  a  and  b, 
situated  in  the  lugs  of  the  plates  and  frames,  form  a  continuous  passage.  The  juice  to  be 
filtered  enters  by  the  passages  a.  Between  each  plate  and  the  adjacent  frame  is  interposed  a 
filter  cloth.  The  juice  passes  into  the  frame,  traverses  the  cloth  and  leaves  by  the  passage  c 
(Fig.  31.3)  after  leaving  behind  on  the  cloth,  in  the  interior  of  the  frame,  the  suspended  mat- 
ter which  it  contained. 

The  solid  mass  formed  by  this  suspended  matter,  when  all  the  available  space  has  been  fill- 
ed, is  called  the  filter  cake. 


Fig.  31.1  Filter  presses  (Fives  Cail  -  Babcock) 


Plates.  The  plate  consists  of  a  machined  border,  and  a  thinner  central  portion,  the  surface 
of  which  is  in  the  form  of  ridges  or  designs  in  relief,  between  which  the  juice  can  flow  in 
spite  of  the  pressure,  which  tends  to  force  the  cloth  against  the  plate. 

Frame.  The  frame  has  a  similar  machined  border,  but  its  interior  is  open. 
The  thickness  of  the  frames  and  plates  is  of  the  order  of  32  -  3£  mm  (lj—  1^  in.)  The 
greater  the  thickness,  the  longer  the  time  taken  to  form  the  cake. 
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Plate 


Frame 

Fig.  31.2.  Plate  and  frame  of  filter  press. 


Frames  and  plates  are  always  of  cast  iron. 

The  number  of  movable  plates,  which  is  one  less  than  the  number  of  frames,  is  generally 
of  the  order  of  40-45. 

Plates  and  frames  are  supported  by  two  strong  bars  of  steel  which  also  serve  as  cross-braces 
and  absorb  the  tensile  force  produced  between  the  two  end  members  by  the  pressure  exerted 
in  closing  the  press. 

The  cocks  fitted  to  each  plate  discharge  into  a  longitudinal  trough  by  which  the  clear 
filtered  juice  is  removed. 


Cycle 

It  requires  about  {  -  lh  to  open  up,  discharge,  clean,  re-assemble  and  close  up  a  filter  press. 
Filtration  proper  lasts  l|-2  h. 
Washing  with  water  and  steam  requires  about  \  n- 
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Hence  the  duration  of  the  cycle: 

Discharging  and  re-assembling:      |  h  approx. 
Filtering:  1|  h 

Washing:  2  h 

Total  cycle:  3  h 

Filtering  area 

The  filtering  area  is  equal  to  the  useful  area  available  for  the  passage  of  the  dirty  juice 
through  the  filter  cloths. 
For  plate  and  frame  filter  presses,  the  filtering  area  is  given  by  the  expression: 

S  =  2NHL  (31.1) 

S  —  filtering  area  of  the  press,  in  m2  (sq.ft.) 
N  =  number  of  frames  in  the  press 
H  =  interior  height  of  the  frame,  in  m  (ft.) 
L   =  interior  width  of  the  frame,  in  m  (fit.). 


Cloths     Plates  Frames 


Filtered  juice 
Fig.  31.3.  Operation  of  filter  press. 


Normal  dimensions 

The  most  common  size  corresponds  to  a  filter  press  of  40,  42  or  45  frames  of  1,016  X  1,016 
mm  (40  x  40  in.). 

These  are  the  external  dimensions  of  the  frame.  The  corresponding  filter  area  is  about  915 
x  915  mm  (36  x  36  in.),  say  about  1.7  m2  (18  sq.ft.)  per  frame,  or  70m2  (750  sq.ft.)  for 
one  filter.  The  overall  area  of  the  plates,  here  about  1.8  m2  (20  sq.ft.),  has  no  meaning  as 
regards  filtration. 
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Filtration  pressure 

The  speed  of  filtration  depends  on  the  pressure  under  which  the  juice  is  forced  into  the  filter. 
This  pressure  is  provided  by  the  mud  pump. 

It  is  normally  2.8-3.5  kg/cm2  (40-50  p. s.i.).  It  may  fall  as  low  as  2.1  kg/cm2  (30  p.s.i.) 
in  the  most  favourable  cases,  and  may  rise  to  4.6  kg/cm2  (65  p.s.i.),  at  the  washing  period, 
and  in  unfavourable  cases. 

Capacity 

The  filter  area  adequate  for  a  factory  per  t.c.h.  varies  greatly  according  to  the  carbonatation 
process  adopted  and  according  as  more  or  less  complete  washing  of  filter  cake  is  adopted 
(tfp.474). 

Deerr1  and  Tromp2,  respectively,  specify  the  areas  given  in  Table  31.1. 

TABLE  3 1.1 

FILTER  AREA  REQUIRED  (PRESSES)  PER  t.C.h. 


Deerr  Tromp 


(m1) 

(sq.ft.) 

i'm') 

(sq.ft.) 

1st  carbonatation  (de  Haan) 

8 

90 

6-8 

70- 

85 

1st  carbonatation  (ordinary) 

10-13 

110-135 

9-11 

100- 

-120 

2nd  carbonatation 

4-5 

40-50 

4-5 

40- 

50 

Filtration  of  syrup 

3-4 

30-40 

4-5 

40- 

50 

Tromp  advises  adopting  the  lowest  figures  when  kieselguhr  is  used  but,  if  the  quality  of 
juice  to  be  handled  is  not  known,  it  will  be  prudent  to  increase  these  figures. 

Filter  cake 

When  filtration  is  good,  the  cake  is  dry  and  porous;  when  it  is  bad,  the  cake  is  semi-liquid 
and  slimy;  density  approx.  1.3. 

Water  content.  The  water  content  of  the  cake  obviously  depends  on  its  physical  condition. 
If  it  is  good,  i.e.  dry,  it  is  about  50-60%;  when  it  is  slimy,  it  rises  to  70%. 

Sugar  content.  Before  washing,  the  water  content  of  the  cake  corresponds  to  its  juice  con- 
tent. In  the  same  way,  its  sugar  content  originates  entirely  from  the  juice;  if  it  contains  70% 
of  juice  (say  about  55  -  60%  of  water),  its  sugar  content  will  be  70%  of  that  of  the  juice  from 
which  it  originates.  Hence  the  advantage  of  filtering  only  muds  derived  from  weak  juices; 
hence  also  the  advantage  of  substituting  water  for  the  juice  in  the  cake,  by  washing,  and  by 
carrying  the  washing  as  far  as  possible. 

Weight  of  cake.  The  weight  of  cake  obtained  in  a  carbonatation  factory  goes  up  to  6  -  12% 
on  cane. 
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Loss  of  sugar  in  the  cake.  With  good  effective  washing  it  is  possible  to  teduce  the  loss  of 
sugar  in  the  cake  to  1%  on  weight  of  cake  or  less,  say  0.05-0.15%  on  cane  or  0.5—  1.2% 
of  the  sugar  content  of  cane. 

Washing  of  the  cake 

Pumping  of  mud  to  the  filter  press  is  stopped  when  the  cake  is  completely  formed,  which 
is  observed  by  the  decrease  in  flow  of  clear  juice  from  the  drain  cocks  of  the  plates.  However, 
better  conditions  for  washing  are  obtained  if  it  is  arranged  to  stop  slightly  sooner  than  this, 
while  there  still  remains  a  cavity  in  the  cake. 

At  that  moment,  the  juice  which  impregnates  the  cake  and  which  forms  more  than  half 
its  weight,  is  the  juice  from  the  carbonatation,  which  generally  contains  12-  15%  of  sugar. 
An  effort  is  made  therefore  to  displace  it,  by  driving  it  out  with  water  or  steam.  This  is  what 
is  called  "washing". 

It  may  be  effected  in  two  ways: 

(a)  Simple  washing.  Here  water  is  simply  substituted  for  juice:  it  follows  the  same  path 
in  the  filter  and  leaves  by  the  juice  outlet  cocks. 

(b)  Systematic  washing.  We  have  seen  (Fig.  31.2)  that,  in  addition  to  the  juice  passage  a 
located  in  the  rear  lug  of  the  plate,  the  frames  and  plates  are  provided  with  a  passage  b  in 
the  front  lug. 

Furthermore,  the  even  and  odd  numbers  of  plates  are  differentiated  by  giving  them  alter- 
nately a  short  and  a  long  outlet  cock.  This  renders  the  handling  of  these  cocks  easy,  which 
otherwise  would  become  confusing. 


Water 


Fig.  31.4.  Systematic  washing. 
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The  even  plates  communicate  with  the  passage  b. 

Systematic  washing  is  then  conducted  as  follows:  water  is  admitted  by  the  passage  b,  and 
the  clear-juice  cocks  on  the  even  plates  are  closed  (all  the  long  cocks,  for  example).  The  water 
then  enters  by  the  even  plates,  traverses  the  cloths  and  the  adjacent  cakes,  and  leaves  by  the 
cocks  of  the  odd  plates,  which  are  left  open  (Fig.  31.4). 

This  procedure  gives  better  results  than  the  preceding  one. 

French  manufacturers  furnish  filter  presses  with  the  water  passage  b  communicating  with 
the  interior  of  all  the  plates.  This  practice  has  the  object  of: 

(1)  Permitting  of  simple  washing  by  using  the  passage  b 

(2)  Maintaining  interchangeability  of  the  plates. 

It  is  then  necessary  to  block  the  small  connecting  passage  into  all  the  even  plates,  for  exam- 
ple. It  is  of  advantage  to  use  for  this  a  resinous  cement,  readily  removed,  rather  than  plastic 
metal. 

Limit  to  washing.  When  at  the  finish  of  the  filtration,  the  juice  is  replaced  by  water  for 
the  washing  procedure,  the  brix  of  the  clear  juice  flowing  from  the  outlet  cocks  at  first  re- 
mains the  same;  this  is  the  juice  contained  in  the  cake,  which  then  flows  out,  displaced  by 
the  water.  Then,  the  brix  falls  suddenly;  this  is  the  water  coming  through.  According  to  the 
filtering  area  available,  the  washing  is  then  stopped,  at  the  moment  when  the  brix  falls  to 
3°,  2°,  or  1°.  At  3°  brix  there  would  be  a  high  loss  of  sugar  in  the  cake,  but  there  is  no  advan- 
tage on  the  other  hand  in  going  lower  than  1  °  brix;  this  would  recover  more  impurities  than 
sugar. 

Since  the  wash  water  is  alkaline,  it  is  not  mixed  with  the  juice,  and  is  preferably  reserved 
for  mixing  the  milk  of  lime. 

After  washing,  the  cycle  is  concluded  by  forcing  out  the  water  in  the  cake  by  passing  steam 
into  the  filter. 

External  washing.  The  cake  may  also  be  washed  outside  the  filter  press.  In  this  method, 
it  is  dropped  from  the  press  into  a  receiver,  where  it  is  thinned  out  with  90%  of  its  weight 
of  water,  at  60°C  (140°F).  It  is  mixed  well  and  re-filtered.  The  second  filtration  is  rapid,  and 
furnishes  a  cake  containing  not  more  than  1  -2%  of  sugar. 

Difficulties  in  filtration 

If  the  filtration  is  difficult,  and  the  cakes  slimy,  this  could  be  due  to  the  waxes  contained 
in  the  juice  which,  solidifying  towards  66°C  (150°F),  deposit  on  the  cold  cloths  when  the  hot 
juice  is  introduced  into  the  filter.  To  avoid  this  effect,  the  filter  press  may  be  put  on  steam 
before  admitting  juice. 

If  the  cake  remains  slimy,  the  trouble  could  be  ameliorated  by  increasing  its  content  of  fine 
bagasse,  either  by  introducing  fine  bagasse,  separated  by  a  special  screen,  directly  into  the 
muds  to  be  filtered,  or  by  replacing  the  perforated  screens  of  the  cush  cush  separator  by 
screens  with  larger  holes. 

Filter  aids 

Kieselguhr  may  also  be  added.  This  is  a  siliceous  deposit  obtained  from  mines  in  North 
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Africa  and  in  America,  and  derived  from  accumulated  deposits  of  diatoms.  The  very  fine 
structure  of  these  minute  creatures  gives  to  their  siliceous  skeletons  useful  properties  as  filter 
aids. 

The  kieselguhr  is  mixed  with  the  juice  to  be  filtered.  Tromp3  gives  a  figure  of  0.43  kg/m2 
filtering  surface/h  (0.09  lb./sq.ft./h). 

Filter  cloths 

Filter  cloths  consist  of  fabric  which  may  be  cotton,  linen  and  cotton,  hemp  and  cotton,  jute, 
or  of  nylon,  the  latter  material  having  a  much  longer  life. 

They  are  supplied  either  in  strips  of  the  desired  width  cut  at  the  factory  in  pieces  of  the 
desired  length,  or  in  separate  cloths  ready  made  up.  Generally,  the  cloth  is  supplied  with  the 
gloss  removed  and  guaranteed  unshrinkable.  However,  it  is  of  advantage  to  provide  some 
excess  of  width  and  length.  We  give  in  Fig.  31.5  the  best  dimensions  to  be  adopted  for  cloths 
intended  for  filter  presses  of  1  m  X  1  m.  The  reinforcing  bands  shown  give  twice  the 
thickness  of  cloth  at  the  points  where  it  is  most  liable  to  wear.  These  double  its  life  without 
doubling  its  cost,  and  are  to  be  recommended.  They  should  never  be  done  with  lap  joints, 
since  each  extra  thickness  causes  leakages  of  juice  at  the  point  where  it  comes  between  plate 
and  frame. 
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Fig.  31.5.  Made-up  cloth  for  filter  press  1  x  1  m  (unshrinkable). 


For  shrinkable  cloths  it  is  necessary  to  use  dimensions  of  2.25  and  1.07  times  the  side 
of  the  plate. 

A  filter  cloth  weighs  about  0.8-  1.0 kg/m2  (2.6-3.2  oz. /sq.ft.)  according  to  quality,  not 
including  reinforcements. 


CONTINUOUS  ROTARY  VACUUM  FILTERS 

The  typical  and  most  widely  used  filter  of  this  class  is  the  Oliver  -  Campbell.  It  is  this  type 
which  we  shall  describe. 

Description 

The  filter  is  composed  of  a  hollow  drum  rotating  about  a  horizontal  axis  (Fig.  31 .6)  and  part- 
ly submerged  in  the  liquid  to  be  filtered.  The  periphery  of  the  drum  serves  as  the  filtering 
surface;  it  is  divided  into  24  independent  sections,  each  occupying  15°  on  the  circumference, 
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Fig.  31.6.  Diagrammatic  operation  of  a  continuous  rotary  vacuum  filter. 


and  extending  along  the  full  length  of  the  drum.  Each  of  these  sections  is  connected  in- 
dividually to  a  vacuum  system  by  a  small  metal  pipe  terminating  in  a  distributing  valve 
situated  at  one  end  of  the  drum  and  carrying  three  different  sectors: 

(a)  One  without  connection  to  the  vacuum,  but  connected  to  the  atmosphere 

(b)  The  second  communicating  with  a  chamber  where  a  low  vacuum,  of  the  order  of 
15 -30  cm  (6-12  in.)  of  mercury,  is  maintained 

(c)  The  third  connecting  to  a  chamber  where  a  higher  vacuum  is  maintained,  of  the  order 
of  40  -  50  cm  (15  —  20  in.)  of  mercury. 

The  exterior  surface  of  the  drum  consists  of  a  sheet  of  copper  or  stainless  steel  with  very 
fine  perforations,  covering  the  24  sections  (Figs.  31.7  and  31.8). 

Operation 

As  the  filter  rotates,  the  section  which  first  enters  the  liquid  is  immediately  connected  with 
the  low  vacuum.  This  produces  an  aspiration  of  the  liquid,  which  passes  through  the  fine  per- 
forations. However,  the  latter  soon  become  coated  with  pieces  of  fine  bagasse  and  suspended 
matter.  The  first  juice  which  passes  through  is  thus  obviously  badly  filtered  and  very  turbid; 
it  is  called  "cloudy  filtrate"  and  is  directed  to  a  special  receiver. 

Having  now  been  coated  with  a  thin  layer  which  forms  the  beginning  of  the  filter  cake, 
the  section  next  passes  to  the  valve  sector  connecting  to  the  higher  vacuum.  It  is  indeed 
necessary  to  increase  the  vacuum,  since  the  resistance  offered  by  the  cake  increases  with  its 
thickness.  However,  the  juice  which  now  passes  through  is  more  effectively  filtered  by  its 
own  impurities  and  by  the  fine  bagasse  which  it  contains,  which  thus  themselves  form  the 
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necessary  filtering  surface  and  which  collect  on  the  surface  of  the  drum.  This  filtrate  then 
constitutes  the  "clear  filtrate",  and  is  seni  to  another  receiver.  The  filter  cake  continues  to 
build  up,  until  the  section  concerned  emerges  from  the  liquid.  The  juice  picked  up  at  the  sur- 
face flows  back  into  the  tank,  while  the  juice  contained  in  the  body  of  the  cake  which  has 
formed  continues  to  be  drawn  through  into  the  compartment  of  the  drum. 

The  filter  section  then  passes  under  several  rows  of  atomisers  p  which  spray  hot  water  on 
the  cake.  This  is  the  beginning  of  the  washing.  The  vacuum  draws  the  water  through  slowly, 
and  the  makers  assert  that  this  washing  has  been  designed  in  such  a  way  that  the  water  has 
jusi  sutficien'  time,  on  the  fraction  of  the  rotation  remaining,  to  pass  through  the  cake  and 
to  displace  the  juice.  Actually  the  de-sugaring  is  very  effective,  and  yet  the  br'\s  of  the  clear 
juice  is  onlv  very  slightly  lower  than  that  of  the  cloudy  filtrale. 

After  the  sprays,  the  washing  is  continued  by  pipes  and  sheet-metal  distributors  r  which 
allow  water  to  drip  on  the  cake,  to  balance  the  tendency  of  the  surface  to  dry  out  as  l he  water 
is  drawn  through  it. 

After  the  last  drip  pipe,  drying  commences:  the  water  is  drawn  towards  the  inside  without 
addition  of  waici  on  the  outside. 


Fig.  31.7.  Oliver  -  Campbell  filtei  2.4  X  4.9  m  (8  x    16  ft. I  (view  showing  sprays  and  drip  pipes). 
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Just  before  the  section  re-enters  the  liquid  in  the  tank,  it  arrives  at  a  scraper  formed  by 
a  rigid  strip  of  rubber  belting  which  bears  lightly  on  the  copper  screen.  When  the  filter  section 
is  about  to  reach  the  scraper,  the  distributor  valve  breaks  the  vacuum  which  has  held  the  cake 
against  the  filter  surface.  Then  the  slightest  contact  of  the  scraper  detaches  the  cake  en  bloc, 
and  it  drops  into  a  screw  or  belt  conveyor  which  removes  it  outside  the  building  (Fig.  31.9). 

Out  in  the  yard,  it  is  dropped  into  a  trailer  which,  as  soon  as  it  is  filled,  is  taken  by  tractor 
for  spreading  the  filter  cake  on  the  fields,  and  the  trailer  is  immediately  replaced  by  another 
one. 


Dry  substance  in  muds.  The  proportion  of  solids  in  the  muds  going  to  the  filtration  should 
be  not  less  than  4.5%.  The  recommended  proportion  is  between  5.5  and  6%. 

Perforated  screen.  The  perforated  screens  are  of  copper,  of  brass  or  of  stainless  steel,  per- 
forated with  625  holes  per  sq.in..  of  0.5  mm  (0.020  in.)  in  diameter. 
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The  copper  screens  are  0.45  mm  in  thickness,  1  mm  between  centres  of  holes,  and  23% 
of  clear  opening. 

Their  designation  in  the  French  series  is  RD  0.5  S.  The  width  of  the  sections  is  324  mm 
(12|  in.)  for  the  Oliver  or  345  mm  (13^  in.)  for  the  Eimco  filter. 

Screens  of  copper  are  preferable  to  those  in  stainless  steel;  they  are  more  flexible  and  less 
fragile. 

The  screens  suffer  very  little  wear,  and  may  be  used  for  several  seasons  without  being 
replaced.  They  are,  however,  fragile  and  delicate.  In  the  slack  season,  to  avoid  damage, 
breakages  due  to  cyclones,  etc.,  it  will  be  wise  to  cover  the  filter  with  a  layer  of  felt  or  such 
protective  material,  which  can  be  fixed  around  the  drum  by  circumferential  straps. 

The  capacity  and  operation  of  the  filter  are  improved  by  feeding  the  mud  not  only  at  one 
point  but  at  three  points  along  the  length  of  the  filter  tank;  at  the  middle  and  at  each  end.4 
The  distribution  on  the  drum  is  then  more  uniform. 

Agitator.  In  order  to  avoid  allowing  the  muds  in  the  filter  tank  to  settle  out,  they  are  kept 
in  movement  by  an  agitator  oscillating  to  and  fro,  pivoted  on  the  axis  of  the  filter,  and  driven 
by  a  separate  small  motor.  To  avoid  rupture  of  the  flocculent  mud  particles,  the  bagacillo 
mixture  should  be  fed  by  gravity43. 

Motor.  The  filter  drum  is  driven  by  a  small  electric  motor  of  about  1.5  kW  (2  h.p.). 

Speed.  The  speed  of  this  motor  is  constant:  generally,  1, 450  r. p.m.  It  drives  the  filter  drum 
by  means  of  a  belt  and  a  double-worm  reduction  gear.  A  speed-regulation  device  controlled 
by  a  handwheel  permits  the  speed  reduction  ratio  of  the  V-belt  to  be  varied;  accordingly,  the 
final  speed  of  rotation  of  the  drum  may  be  regulated  between  a  maximum  of  1  rotation  in 
3  min  and  a  minimum  of  1  in  about  10  min.  Thus  a  scale  of  speed  regulation  is  provided 
allowing  the  speed  to  be  varied  between  extreme  values  in  the  ratio  of  approximately  1  to 
3.  It  is  estimated  in  Louisiana4b  that,  by  doubling  the  speed,  the  filtration  rate  is  increased 
only  by  a  factor  of  1.4.  On  average,  a  speed  of  1  revolution  per  5  min  is  used. 

Filter  cake 

The  filter  cake  obtained  appears  dry  and  porous,  but  nevertheless  contains,  75-80%  of 
water. 

On  account  of  the  bagacillo  which  is  added  to  the  mud  to  facilitate  filtration,  it  is  necessary 
to  reckon  on  about  3-4  kg  of  filter  cake  per  100  kg  of  cane  (specific  gravity  1.3-1.4). 

The  thickness  of  the  cake  is  variable,  but  generally  of  the  order  of  7  -  13  mm  in.). 
It  has  been  found  in  Louisiana4c  that  optimal  exhaustion  of  the  cake  was  obtained  with  a 
thickness  of  7  mm,  since  washing  was  most  effective  at  that  thickness. 

The  filter  turns  out  60-75  kg  of  filter  cake  per  mVh  (12-15  lb./sq.ft./h),  or  more 
precisely,  125  kg/m2/h  per  cm  (64  lb./sq.ft./h  per  inch)  of  cake  thickness.  In  South  Africa5, 
a  rate  of  75  -  80  kg/mVh  (15  -  16  lb./sq.ft./h)  is  reported. 

Temperature.  The  mud  for  filtration  should  be  at  least  at  85°C  (185°F)  after  addition  of 
the  fine  bagasse.  Below  that  temperature,  there  is  a  risk  of  waxes  blocking  the  gauze.  In  this 
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Fig.  31.9.  Oliver- Camnbel  filter:  cake  discharge. 


connection,  overflow  of  mud  from  the  filter  tank  should  be  avoided,  since  that  involves 
recycling,  which  in  turn  causes  cooling  of  the  material. 

Sugar  loss  in  cake.  The  filter  cake  contains  0.5  -3%  of  sugar,  averaging  1  -2%.  This  cor- 
responds to  a  pol  loss  of  about  0.2-0.8%.  averaging  say  0.5%. 

Filtration  rate 

A  filtration  rate  of  250-40C  l/m;  (5-8  gal. /sq.ft.)  of  filtering  surface/h  may  be  expected. 
However,  the  capacity  of  filtrate  pumps  is  reckoned  as  480-500  l/m2/h  (10  gal. /sq.ft. /h). 

Capacity 

The  filter  area  considered  necessary  varies  in  different  countries.  The  following  figures  have 
been  quoted: 


Cubae 

Philippines1 

Queensland* 

Nalal5 

Hawaiilc 

Puerto  Rico1 


A  verage  Extremes 
(m*ft.c.h,,       (sqjtjtx\h.f     (m2/t.c.h.,       (sq.fi /t.c.h.f 


0.30 
0.44 
0.55 
0.64 
0.83 
0.59 


3.2 
4.8 
6.0 
7.4 
9.1 
6.5 


0.33-1.0 
0.67-1.0 
0.20-2.2 


3.6-11 
7.4-11 
2.2-24 


Generally,  an  area  of  0.6  mVt.c.h.  (6.5  sq.ft./t.c.h.)  is  specified  in  the  American 
hemisphere. 
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We  estimate  that,  even  with  juices  difficult  to  treat,  a  capacity  of  0.3  mVt.c.h.  (3.3 
sq. ft. /t.c.h.)  would  be  satisfactory. 

With  the  "Rapifloc"  system  (cf.  p.  485),  Dorr -Oliver  estimates  that  a  figure  of  0.35 
mVt.c.h.  (3.8  sq.ft./t.c.h.)  will  be  sufficient  instead  of  0.6  (6.5).  It  is  even  possible  to  go 
as  low  as  0.25  mVt.c.h.  (2.8  sq.ft./t.c.h.). 

Proportion  of  cloudy  filtrate 

For  every  100  parts  of  filtrate  supplied  by  the  filter,  it  may  be  estimated  that  there  will  be: 


These  two  filtrates  together  may  contain  between  2  and  12%  of  suspended  matter  expressed 
as  dry  material12. 

Disposal  of  filtrates 

It  is  often  difficult  to  decide  what  is  the  best  way  to  deal  with  these  two  filtrates. 

(a)  For  the  cloudy  filtrate,  the  first  idea  which  comes  to  mind  is  to  send  it  to  the  filter  tank 
or  to  the  mud  tank  preceding  it.  However,  this  dilutes  the  filter  feed,  and  is  not  to  be 
recommended.  It  is  necessary  to  return  the  cloudy  juice  ahead  of  the  clarifier.  In  compound 
clarification,  there  is  a  choice  between  returning  it  before  the  primary  clarifier  or  before  the 
secondary.  The  former  solution  is  preferable. 

(b)  As  regards  the  clear  filtrate,  unfortunately  it  has  neither  the  brilliance  nor  the  clarity 
of  the  clarified  juice.  It  is  greyish  and  still  slightly  cloudy.  It  would  not  be  desirable  to  send 
it  to  manufacture  with  the  primary  clear  juice.  Accordingly,  it  is  generally  returned  to  process 
ahead  of  the  clearifier. 

In  simple  clarification  and  often  in  compound  clarification,  it  is  therefore  common  prac- 
tice to  mix  the  two  filtrates  and  return  the  mixed  filtrate  to  process  ahead  of  the  clarifier. 

This  is  the  disadvantage  of  this  type  of  filter:  it  overloads  the  clarification  station.  When 
the  latter  is  working  near  the  limit  of  its  capacity,  it  is  undesirable  to  increase  the  volume 
of  the  juices,  and  consequently  their  speed  of  circulation  in  the  clarifier,  by  a  fraction  which 
represents  approximately: 


One  solution  consists  of  re-clarifying  the  two  filtrates  in  a  special  small  clarifier,  after 
reheating  and  re-liming.  A  very  clear  juice  is  thus  obtained,  together  with  thick  mud,  which 
is  returned  to  the  rotary  filter13.  The  filtrates  may  also  be  treated  in  a  centrifugal  separator, 
of  the  Westfalia  type. 


30-60%  of  cloudy  filtrate 
70  -  40%  of  clear  filtrate. 


Simple  clarification: 
Compound'  clarification 


12-20% 

(  Primary  clarifier:  10-20% 
/  Secondary  clarifier:  10-15°7i> 


Washing 

For  the  reason  indicated  in  discussing  the  operation  of  this  filter  (cf.  p.  477),  the  quantity 
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of  wash  water  which  passes  into  the  clear  filtrate  represent  only  a  small  fraction  of  the  water 
used  at  the  filter,  about  20-25%.  The  greater  part  remains  in  the  filter  cake.  It  is  necessary 
therefore  to  determine  the  quantity  of  water  to  be  used  for  washing  according  to  the  dilution 
of  the  clear  filtrate,  and  not  according  to  the  quantity  of  water  sent  to  the  filter. 

The  efficiency  of  washing  is  of  more  importance  than  the  quantity  of  water  used.  In  South 
Africa,  one  factory  using  water  for  washing  equivalent  to  100%  on  filter  cake  obtained  0.3% 
po"  in  cake,  whereas  another  employing  half  as  much  obtained  0.4%. 


Fig.  31.10.  Filtration  station  B.M.A  filters. 


Generally,  wash  water  amounting  to  100-150%  on  cake  is  used.  In  Iran,  wash  water  is 
reckoned  as  1.38%  on  cane  by  weight.  In  general,  one  may  assume  14  —  20  kg/t.c.  (30  —  45 
lb./t.c).  or  1.4-2.0%.  One  South  African  factory  reports  12.6  kg/t.c.  (28  Ib./t.c). 

This  would  preferably  be  water  at  75  -  80°C  (167  -  176°F)  However,  Webrel3:  considers 
that  it  is  desirable  not  to  exceed  60°C  (140°F)  to  avoid  risk  of  entraining  waxes  contained 
in  the  filter  cake.  We  do  not  share  this  point  of  view,  for  a  reason  completely  analogous  to 
that  demonstrated  by  Honig  for  hot  imbibition  (cf.  "Waxes",  p.  308).  In  Louisiana,  the 
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minimum  temperature  for  wash  water  is  stated  as  82°C  (180°F)  and  the  optimal  temperature 
as  88-90°C  (190-194°F),  at  a  pressure  of  3-4  kg/m2  (0.6-0.8  lb. /sq.ft.).  The  small 
nozzles  for  water  spray  should  be  spaced  about  30  -  40  cm  (12  -  16  in.)  apart,  and  about  16 
cm  (6  in.)  from  the  surface  of  the  filter.  They  should  have  an  opening  of  3  —  3.2  mm. 

The  washing  could  be  continued  so  far  as  to  reduce  the  polarisation  to  0.2%,  in  compound 
clarification,  or  0.3%  in  simple  clarification;  but  it  is  doubtful  whether  this  is  desirable, 
since,  in  seeking  such  low  figures,  there  is  a  risk  of  reducing  the  purity  of  the  filtrate  by 
washing  to  such  an  extent  that  the  nett  result  is  a  loss  of  sugar. 

Part  of  the  soluble  impurities  are  picked  up  during  the  washing,  resulting  in  a  drop  in  puri- 
ty between  the  juice  reaching  the  filter  and  the  clear  filtrate  leaving  it.  This  drop  is  generally 
of  the  order  of  2-4  units. 

A  rule  is  also  quoted  (Perk14)  that  the  purity  of  the  filtrate  should  not  differ  from  that 
of  the  clear  juice  by  more  than  1.5  units. 

The  difference  in  brix  between  these  two  filtrates,  for  a  well-controlled  washing,  is  between 
30  and  40%. 

Retention 

The  "retention"  is  the  proportion  of  suspended  matter  extracted  by  the  filter,  expressed  as 
a  percentage  of  the  suspended  matter  contained  in  the  mud  arriving  at  the  filter. 
This  retention  sometimes  falls  very  low,  below  50%. 

Now  the  filter  must  extract  the  whole  of  the  suspended  matter  supplied  to  it  from  the 
clarifiers,  otherwise  there  would  be  an  accumulation  of  suspended  matter.  Thus  if  the  reten- 
tion is  only  50%,  this  means  that  the  two  filtrates  maintain  in  circulation  between  clarifiers 
and  filters  a  quantity  of  suspended  matter  equal  to  that  which  is  removed  with  the  filter  cake. 
It  is  obvious  that  this  involves  a  serious  overload  for  the  clarifiers,  which  greatly  reduces  their 
capacity,  and  which  increases  the  risk  of  having  very  fine  particles  passing  to  manufacture 
with  the  clear  juice  from  the  clarifier. 

Tests  by  Jenkins15  in  Queensland  showed  that  retention  varied  from  48  to  88%,  averaging 
70%.  It  was  concluded  from  these  tests  that  it  was  easy  to  attain  a  retention  of  75-80%, 
representing  a  very  substantial  improvement  over  50%,  if  the  following  precautions  were 
observed: 

(7)  Increase  in  the  proportion  of  bagacillo  in  the  mud.  For  this  purpose  it  is  recommended 
that  for  the  bagasse  screen  a  woven  gauze  of  at  least  8  meshes  to  the  inch  should  be  used. 

(2)  A  reduction  in  the  speed  of  rotation  of  the  filter.  It  is  preferable  that  the  speed  should 
not  rise  above  1  rotation  in  6  or  8  min,  and  if  possible,  the  minimum  speed  should  be  main- 
tained, which  is  of  the  order  of  1  rotation  in  10  or  11  min. 

Later  tests  by  Foster16  have  shown  that  filter  speed  is  not  important,  provided  that  the 
bagacillo  content  is  sufficient;  a  high  ratio  of  bagacillo  to  mud  solids,  and  a  high  concentra- 
tion of  mud  solids  in  the  filter  feed,  are  the  main  essentials  for  good  retention. 

It  is  considered  in  Mauritius  (Houareau17)  that  the  optimal  concentration  of  insoluble 
material  in  muds  is  approximately  6%.  If  the  concentration  rises  to  12%,  the  retention  would 
fall  to  60%;  if  it  drops  to  4°/o,  the  retention  drops  similarly.  To  obtain  the  optimal  proportion 
of  6°Io,  the  bagacillo  added  should  be  increased  to  about  60%  on  the  weight  of  insoluble  mat- 
ter, and  retention  can  then  exceed  80%. 
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Mud  and  scums.  According  to  the  method  of  harvesting  and  the  state  of  the  cane  (straight 
stalks  or  mechanical  harvesting),  we  may  reckon  180-240  kg  of  mud  per  t.c.  (400-540 
lb,/t.c),  giving  25-40  (55-90  lb.)  kg  of  mud  per  tonne  cane. 

Dimensions 

The  normal  diameter  of  the  Oliver  -  Campbell  filter  drum  is  8  ft.  However,  filters  of  10  ft. 
are  in  use  in  Mexico,  of  12  ft.  in  Australia  and  of  14  ft.  in  South  Africa  (Table  31.2). 


TABLE  31.2 


AREA  OF  OLIVER  FILTERS  (IN  Itl2;  IN  BRACKETS,  IN  sq.ft.) 

Diameter  Length  (m) 


fm)       (ft.)  2 J  (9ft.)      3.7  (12ft.)     4.3  (14ft.)     4.9  (16ft.)     5.5  (18ft.)     6.1  (20ft.) 


2.44  8  21(226)  28(302) 

3.05  10  35  (377) 

3.66  1  2  42  (452) 

4.27  14 


33  (352)        37  (402) 

41  (440)  47  (503)  52(565)  58  (628) 
49  (528)        56  (603)        63  (679)        70  (754) 

74  (792) 


In  new  or  expanding  factories,  the  tendency  is  towards  increased  dimensions  of  the  filters 
rather  than  increased  number  of  filters.  In  Australia18  a  filter  of  240  m2  (2,580  sq.ft.)  has 
been  installed. 


"Rapifloc"  filtration 

In  1961,  Dorr-Oliver  patented  a  new  system  of  filtration  which  it  christened  "Rapifloc". 
This  system  (Fig.  31.11)  consists  of  adding  a  coagulant,  "Separan  AP  30",  manufactured 


Fig.  31.11.  Rapifloc  system. 
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by  Dow  Chemical,  Midland,  Michigan,  in  the  ratio  of  about  1.5  p. p.m.  of  juice.  The 
coagulant  is  added  in  a  special  receiver,  termed  the  coagulator,  just  before  the  mud  goes  to 
the  filter.  The  latter  may  be  an  ordinary  Oliver  filter,  which  requires  only  minor  modifica- 
tions; it  is  covered  with  a  porous  cloth  of  felted  polypropylene  covering  the  perforated  metal 
sheet,  and  is  furnished  with  a  new  distributing  valve  and  a  device  for  washing  the  cloth  bet- 
ween the  position  where  the  cake  is  detached  and  that  where  the  drum  re-enters  the  mud  feed 
tank  (Fig.  31.12). 


Fig.  31,12.  Washing  of  cloth  in  Rapifloc  filtration. 


This  new  system  gives  a  clear  filtrate  which  may  be  sent  directly  to  the  evaporators,  thus 
avoiding  (1)  overload  of  the  clarification  station  and  the  filter  due  to  recycling  filtrates,  (2) 
the  long  time  which  this  portion  of  juice  spends  in  these  stations,  with  consequent  losses  by 
inversion. 

The  filter  capacity  is  increased  and,  according  to  the  manufacturers,  almost  doubled.  It 
would  be  increased  from  about  100  to  170-  195  kg/m2/h  (35-40  lb./sq.ft./h)  of  cake  at 
80%  moisture.  The  thickness  of  the  filter  cake  is  indeed  greatly  increased.  From  this  point 
of  view,  the  "Rapifloc"  is  clearly  indicated  when  the  increase  in  crushing  rate  of  the  factory 
is  too  much  for  the  capacity  of  the  existing  filter  plant,  which  will  thus  be  sufficient  with  the 
new  system.  In  South  Africa19  a  figure  of  100-150  kg  of  filter  cake  per  m2/h  (20-30 
lb. /sq.ft. /h)  is  assumed. 

A  certain  gain  in  capacity  may  be  obtained  by  replacing  the  normal  perforated  sheets  (0.5 
mm  opening)  by  sheets  with  holes  of  4  —  5  mm. 

The  water  for  washing  increases  the  water  requirement  by  approximately  2.3  1/s  (0.5 
gal./s);  the  brix  of  the  filtrate  is  slightly  lower,  but  the  purity  appreciably  higher;  a  gain  of 
about  one  point  is  obtained.  Sucrose  loss  in  the  cake,  however,  shows  hardly  any  decrease. 

The  life  of  the  cloth  is  about  1  -3  months  for  Dacron,  2-6  months  for  polypropylene. 

The  consumption  of  Separan  may  vary,  according  to  conditions,  from  1  to  5  p. p.m.  Nor- 
mally, 1.5-2  p. p.m.  is  sufficient.20 
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Separan  may  also  be  replaced  by  the  other  flocculants  cited  (p.  404). 

In  addition  to  propylene  and  dacron,  a  Belgian  cloth  (Lainyl)  may  also  be  used. 

Difficulties.  It  happens  at  times  that  difficulty  is  experienced  in  stretching  the  cloth  or  in 
maintaining  it  tight  on  the  drum;  after  operating  for  one  or  two  days,  it  becomes  loose  and 
forms  waves  at  the  position  of  discharging  the  cake.  A  better  tension  will  be  obtained  by 
keeping  the  filter  under  vacuum  while  placing  the  cloth  in  place;  the  cloth  then  stretches  more 
readily  and  remains  tight  while  the  holding  bands  are  secured. 

To  ensure  that  the  washing  is  effective  and  does  not  lead  to  a  choking  of  the  cloth,  it  is 
necessary  that  the  wash  water  should  be  at  80-90°C  (175-  195°F),  under  a  pressure  of  4 
kg/cm2  (55  p.s.i.),  and  should  strike  the  drum  at  an  angle  of  about  1 10°  (that  is,  in  a  plane 
inclined  at  20°  to  the  vertical  and  against  the  movement  of  the  drum).  A  water  consumption 
of  1.5  1/sper  m  (1  gal./s  per  10  ft.)  length  of  drum  may  be  assumed.21 

Eimcobelt  filter 

This  system  was  introduced  before  the  Rapifloc,  and  is  very  similar  to  it. 

The  filter  drum  is  surrounded  by  a  tightly  woven  cloth  of  polypropylene  which  passes  over 
a  discharge  roller,  around  an  aligning  roller  and  another  tension  roller,  and  then  returns  to 
the  drum.  The  ends  of  the  cloth  are  joined  together  by  means  of  a  metal  lacing  and  a  "lightn- 
ing" fastener.  The  cloth  is  kept  clean  by  means  of  two  perforated  pipes  which  wash  it  after 
the  discharge  roller,  the  wash  water  being  recovered  in  a  trough  from  which  it  may  be  remov- 
ed and  recycled  or  used  for  imbibition;  its  polarisation  is  approximately  0.2%.  A  third  spray 
pipe  washes  the  cloth  from  below  just  before  the  discharge  roller,  thus  assisting  discharge 
of  the  cake. 

The  cloth  may  have  a  life  of  4  —  5  months.  Separan  AP  30,  diluted  to  0.5%,  is  mixed  with 
the  mud,  to  which  bagacillo  has  been  added.  A  good  dosage  of  Separan  is  2  p.p.m.;  at  5 
p. p.m.,  Rabe22  has  found  in  South  Africa  that  the  cake  does  not  adhere  to  the  cloth;  and 
at  1  p.p.m.,  the  filtrate  is  dirty  and  the  cloth  chokes. 

It  is  important  that  the  wash  water  should  be  at  least  at  3  kg/cm2  (40  p.s.i.)  and  80°C 
(175°F),  otherwise  the  cloth  becomes  blocked.  Changing  an  ordinary  Eimco  filter  to  an 
"Eimcobelt"  doubles  its  capacity.  A  capacity  may  be  expected23  of  about  100-  120  kg/m2/b 
(20-25  Ib./sq.ft./h).  This  output  can  hardly  be  decreased  below  60  without  disadvantages 
nor  increased  above  155  kg/m2/h  (32  lb./sq.ft./h). 

The  filtrate  is  sufficiently  clear  to  be  sent  directly  to  the  evaporators. 

Efficiency.  The  "dressed"  filters,  Rapifloc  or  Eimcobelt,  have  a  high  retention;  they 
reduce  the  suspended  matter  in  the  filtrate  to  0.03-0.05%,  compared  with  about  0.80%  for 
the  bare  filters.24 
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of  wash  water  which  passes  into  the  clear  filtrate  represent  only  a  small  fraction  of  the  water 
used  at  the  filter,  about  20-25%.  The  greater  part  remains  in  the  filter  cake.  It  is  necessary 
therefore  to  determine  the  quantity  of  water  to  be  used  for  washing  according  to  the  dilution 
of  the  clear  filtrate,  and  not  according  to  the  quantity  of  water  sent  to  the  filter. 

The  efficiency  of  washing  is  of  more  importance  than  the  quantity  of  water  used.  In  South 
Africa,  one  factory  using  water  for  washing  equivalent  to  100%  on  filter  cake  obtained  0.3% 
po"  in  cake,  whereas  another  employing  half  as  much  obtained  0.4%. 


Fig.  31.10.  Filtration  station  B.M.A  filters. 


Generally,  wash  water  amounting  to  100-150%  on  cake  is  used.  In  Iran,  wash  water  is 
reckoned  as  1.38%  on  cane  by  weight.  In  general,  one  may  assume  14  —  20  kg/t.c.  (30  —  45 
lb./t.c).  or  1.4-2.0%.  One  South  African  factory  reports  12.6  kg/t.c.  (28  Ib./t.c). 

This  would  preferably  be  water  at  75  -  80°C  (167  -  176°F)  However,  Webrel3:  considers 
that  it  is  desirable  not  to  exceed  60°C  (140°F)  to  avoid  risk  of  entraining  waxes  contained 
in  the  filter  cake.  We  do  not  share  this  point  of  view,  for  a  reason  completely  analogous  to 
that  demonstrated  by  Honig  for  hot  imbibition  (cf.  "Waxes",  p.  308).  In  Louisiana,  the 
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Bagacillo  screens 

Filters  of  the  Oliver  type  generally  do  not  furnish  a  satisfactory  filtration  unless  a  certain 
quantity  of  bagacillo  is  added  to  the  muds.  This  is  obtained  by  screening,  and  consists  mainly 
of  thread-like  fibres  about  3  cm  (1  \  in.)  in  length  and  of  pieces  about  1  mm  in  diameter.  The 
mixture  of  these  two  materials  gives  a  substantial  increase  in  the  filterability  of  the  other 
materials  in  suspension  which  constitute  the  muds.  The  fibrous  threads  in  particular  form 
a  layer  over  the  screen  and  so  provide  a  network  which  forms  the  actual  filter  medium. 

Quantity  necessary.  The  makers  estimate25  that  it  is  necessary  to  introduce  about  7  kg  (16 
lb.) -of  bagacillo  per  tonne  of  cane. 
In  Cuba26  a  figure  of  approx.  6.5  kg  (15  lb.)  of  fine  bagasse  at  48%  moisture  is  stated. 
In  Louisiana43  6  -  10%  of  fine  bagasse  on  weight  of  wet  filter  cake. 
In  Queensland27  4.5  kg/t.c.  (10  lb./t.c). 

In  South  Africa284.5-  14  kg/t.c.  (10- 32  lb./t.c);  more  recently  (Perk29,  1960)  15  kg/t.c. 
(34  lb./t.c). 

In  Mauritius,  with  an  average  value  of  4  kg/t.c.  (9  lb./t.c),  Wiehe30  comments  that  a  bet- 
ter result  was  obtained  with  6.5  kg/t.c.  (15  lb./t.c),  the  loss  of  sugar  in  the  cake  falling  by 
half. 

As  will  be  seen,  this  quantity  is  rather  variable,  and  depends  on  the  ease  of  filtration  of 
the  juice.  We  have  found  it  possible  to  descend  to  zero  while  obtaining  an  excellent  sugar 
recovery.  As  a  general  figure  one  can  assume  3-6  kg/t.c.  (7-14  lb./t.c). 

Installation.  A  shaker  screen  is  located  under  the  bagasse  conveyor  (Fig.  31.14),  preferably 
between  the  two  chutes  feeding  bagasse  to  the  first  two  boiler  furnaces.  A  slide  similar  to 
those  feeding  the  furnaces  allows  the  bagasse  to  fall  on  the  screen,  which  allows  the  fine 
bagacillo  to  pass  and  rejects  the  remainder  to  the  two  neighbouring  chutes. 

In  order  to  obtain  the  desired  quantity  of  bagacillo  which  is  necessary  for  a  filter  treating 
all  the  muds  from  the  factory,  it  will  be  necessary  to  pass  over  the  screen  between  25  and 
60%  of  the  total  bagasse  produced  by  the  factory.  With  compound  clarification,  25-35% 
will  be  ample. 


Fig.  31.14.  Rotex  shaker  screen  for  fine  bagasse. 
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However,  in  the  great  majority  of  cases,  this  small  item  of  equipment  may  be  omitted  by 
simply  replacing  a  certain  length  (2.5-5  m)  of  the  bottom  plate  of  the  conveyor  by  a  per- 
forated plate  with  holes  of  10  mm  (f\  in.)  diameter.  It  is  convenient  to  place  this  in  an  inclined 
section  of  the  conveyor. 

A  fan  conveys  the  bagacillo  from  the  screen,  or  from  the  hopper  situated  under  the  per- 
forated bottom  plate  of  the  conveyor,  through  a  galvanised  iron  duct,  and  delivers  it  into 
a  cyclone  separator  placed  above  a  mixer  (Fig.  31.15)  into  which  are  fed  the  muds  passing 
to  the  filter.  The  quantity  of  bagacillo  conveyed  by  the  fan  is  controlled  by  a  small  slide  or 
butterfly  valve  in  the  duct. 


Fig.  31.15.  Clarification  (right):  Oliver  fihei  (left);  cyclone  (centre);  and  condenser  (above,  left). 

Screens.  The  four  principal  sizes  of  gauze  used  for  screens  are  given  in  Table  31.3. 

The  finer  screens  will  be  used  when  the  juice  does  not  filter  well,  provided  that  the  quantity 
of  bagacillo  obtained  is  sufficient.  Gauzes  coarser  than  No.  12  would  not  give  such  a  good 
filtration;  an  attempt  will  be  made,  if  possible,  to  use  only  No.  14.  It  is  considered  in  South 
Africa3  that  90ff/c  of  the  bagacillo  going  to  the  filter  should  pass  through  a  screen  of  0.8  mm, 
and  at  least  70%  through  a  0.5-mm  screen. 
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TABLE  31.3 

GAUZES  FOR  BAGACILLO  SCREENS 

English  no.  (meshes      Meshes  per      Proportion  of  bagacillo 
per  inch)  dm  obtained,  by  weight 

8  mesh  32  100 

10  -  40  90 

12  -  48  60 

14  -  56  25 


TABLE  31.4 

OLIVER  SERIES  OF  SCREENS 


mm  m1  inches  sqJft. 


510  X  1,220  =  0..62 

1,015  x  2,130=  2.16 

1,015  x  3,050=  3.,  10 

1,520  x  3,050  =  4,.65 


20  x  48  =  6,67 

40  x  84  =  2J..33 

40  x  120  =  33.33 

60  x  120  =  50 


Capacity  of  bagacillo  screens.  A  screen  of  32  mesh  per  dm  (8-mesh)  will  furnish  60-75 
kg  of  bagacillo/mVh  (12-15  Ib./sq.ft./h).  In  Queensland27  a  figure  of  0.04  mVt.c.h.  (0.4 
sq.ft./t.c.h.)is  given  for  an  8-mesh  screen.  It  has  been  established32  that  a  screen  of  16  mesh 
per  dm  (4-mesh)  could  be  suitable  and  would  give  a  proportion  of  fine  bagasse  lower  than 
that  furnished  by  one  of  32  (8-mesh).  Such  screens  furnish  133  kg/m2/h  (27  Ib./sq.ft./h)  of 
fine  bagasse  in  the  case  of  fixed  horizontal  screens  without  suction,  and  820  (168)  with 
suction. 

Sometimes  lime  is  added  to  the  mud,  so  as  to  raise  the  pH  to  7.8  or  8.0.  This  facilitates 
flocculation  and  forms  a  more  porous  filter  cake.  Generally  a  screen  of  0.06  mVt.c.h.  (0.6 
sq.ft./t.c.h.)  is  installed.  The  Oliver  company  supplies  4  sizes  of  screen,  as  listed  in  Table 

31.4. 

Fan.  It  is  considered  in  Cuba33  that,  for  a  delivery  duct  of  75  m  (250  ft.)  in  length,  with 
three  bends,  6.25  m3  of  air  will  be  required  per  kg  of  bagacillo  to  be  conveyed  (100 
cu.ft./lb.);  air  velocity  25  m/s  (82  ft/s). 

Total  power  required 

The  total  power  required  for  the  whole  installation  -  filter  and  accessories  -  is  approx- 
imately 0.8  kW/m2  (1  h.p./lO  sq.ft.)  of  filtering  surface.  For  a  filter  of  28  m2  (300  sq.ft.), 
for  example,  there  will  be  required: 
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Filter  drive: 
Vacuum  pump: 

2  Centrifugal  pumps  for  filtrates: 
Screw  conveyor  for  filter  cake: 
Bagacillo  screen: 
Bagacillo  fan: 

Mixer  for  muds  and  bagacillo: 


1.9  kW 
9  kW 
2.3  kW 
1.5  kW 
0.8  kW 
3.8  kW 
0.4  kW 


19.7  kW  (26  h.p.) 


Operation  of  a  rotary  filter 

The  temperature  of  the  muds  to  be  filtered  plays  an  important  part.  Care  should  be  taken 
that  this  does  not  fall  below  80°C  (176°F),  and  it  will  be  maintained  preferably  above  85°C 
(185°F),  and  if  possible,  90°C  (194°F).  Provided  this  temperature  is  maintained,  the  screen 
remains  clean  and  spotless,  after  discharge  of  the  filter  cake.  At  the  end  of  the  week,  the 
screen  is  cleaned  by  a  steam  jet  from  a  nozzle  provided  for  the  purpose.  If  this  precaution 
were  neglected,  the  perforations  of  the  screen  would  become  blocked,  or  the  sections  would 
fill  with  dried  mud.  In  South  Africa,  it  is  even  recommended34  that  the  screens  should  be 
steam-cleaned  every  12  hours. 


Filtration  of  syrup  is  normally  carried  out  on  special  types  of  filter.  The  principal  types  are 
the  following,  all  made  under  licence  from  American  manufacturers.  We  indicate  for  each 
an  order  of  magnitude  of  the  filtering  surface  necessary: 

(a)  Herfilco,  made  in  France,  3-4  mVt.c.h.  (33-44  sq.ft./t.c.h.) 

(^Niagara,  made  in  Holland,  2-3  mVt.c.h.  (22-33  sq.ft./t.c.h.). 
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Heat  transmission  in  an  evaporator 

A  sugar  evaporator  consists  essentially  of  a  tubular  calandria  serving  as  a  heat  exchanger: 
the  heating  steam  surrounds  the  outside  of  the  tubes  and  the  juice  to  be  evaporated  circulates 
inside  the  tubes. 

When  two  fluids  of  temperature  t  and  f  are  located  on  opposite  sides  of  a  solid  surface, 
the  quantity  of  heat  transmitted  from  one  to  the  other  is  given  by  the  expression: 


Q  =  kS(t  -  t')  (32.1) 


Q  =  quantity  of  heat  transmitted 
k    =  coefficient  of  heat  transfer 
S   =  heat-exchange  surface 
t    =  temperature  of  the  hot  fluid 
t'  =  temperature  of  the  cold  fluid. 
The  coefficient  k  is  given  by: 


1      e  l 

k      a      b  c 


a    -  coefficient  of  heat  transfer  from  the  hot  fluid  to  the  surface 
b    -  coefficient  of  heat  transfer  across  the  solid  surface 
c    =  coefficient  of  heat  transfer  from  the  surface  to  the  cold  fluid 
e    =  thickness  of  the  metal  wall. 
Whence: 


k  =  y- —  r  (32.3) 

1      e  1 

a      b  c 


This  equation  shows  that  the  value  of  the  coefficient  k  is  determined  by  the  magnitude  of 
the  smallest  of  the  three  coefficients  a,  b,  c.  If  c,  for  example,  is  much  smaller  than  a  and 
b,  we  may  neglect  the  latter  and  take: 
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This  is  the  common  case  for  transmission:  vapour  —  metal  tube  —  juice,  the  heat  transfer 
coefficients  from  vapour  to  metal,  and  across  the  metal  surface,  being  very  high  compared 
with  the  coefficient  from  metal  to  juice. 

Deposits  and  incrustations  form  a  layer  on  the  tubes,  the  resistance  of  which  to  heat 
transmission  is  added  to  those  given;  now,  the  corresponding  heat-transfer  coefficient  is 
much  inferior  to  any  of  the  three  preceding  ones.  It  follows  that  an  evaporator  with  fouled 
tubes  will  function  much  less  effectively  than  one  with  clean  tubes.  It  is  essential  to  maintain 

TABLE  32,1  A 


RELATION  BETWEEN  PRESSURE  AND  TEMPERATURE  OF  DRY  SATURATED  WATER 
VAPOUR  AT  PRESSURES  BELOW  ATMOSPHERIC  (METRIC  UNITS) 


Vacuum 
(cm) 

Hg  abs. 
(cm) 

Abs.  press, 
(kg /cm2) 

Temp. 

(°Q 

Vacuum 

(cm) 

Hg  abs. 

(cm) 

Abs.  press. 
(kg/cm2) 

Temp. 

<°C) 

76 

0 

0. 

38 

38 

0.517 

81.7 

75 

1 

0.0136 

11.2 

37 

39 

0.530 

82.3 

74 

2 

0.0272 

22.1 

36 

40 

0.544 

83.0 

73 

3 

0.0408 

29.0 

35 

41 

0.557 

83.6 

72 

4 

0.0544 

34.0 

34 

42 

0.571 

84.2 

71 

5 

0.0680 

38.1 

33 

43 

0.585 

84.8 

70 

6 

0.0816 

41.5 

32 

44 

0.598 

85.4 

69 

7 

0.0952 

44.5 

31 

45 

0.612 

86.0 

68 

8 

0.109 

47.1 

30 

46 

0.625 

86.5 

67 

9 

0.122 

49.4 

29 

47 

0.639 

87.1 

66 

10 

0.136 

51.6 

28 

48 

0.653 

87.6 

65 

11 

0.150 

53.5 

27 

49 

0.666 

88.1 

64 

12 

0.163 

55.3 

26 

50 

0.680 

88.7 

63 

13 

0.177 

57.0 

25 

51 

0.693 

89.2 

62 

14 

0.190 

58.6 

24 

52 

0.707 

89.7 

61 

15 

0.204 

60.1 

23 

53 

0.721 

90.2 

60 

16 

0.218 

61.5 

22 

54 

0.734 

90.7 

59 

17 

0.231 

62.8 

21 

55 

0.748 

91.2 

JO 

18 

10 

64.1 

20 

56 

0.761 

91.7 

57 

19 

0.258 

65.3 

19 

57 

0.775 

92.1 

56 

20 

0.272 

66.4 

18 

58 

0.789 

92.6 

55 

21 

0.285 

67.5 

17 

59 

0.802 

93.1 

54 

22 

0.299 

68.6 

16 

60 

0.816 

93.5 

53 

23 

0.313 

69.6 

15 

61 

0.830 

94.0 

52 

24 

0.326 

70.6 

14 

62 

0.843 

94.4 

51 

25 

0.340 

71.6 

13 

63 

0.856 

94.8 

50 

26 

0.353 

72.5 

12 

64 

0.870 

95.3 

49 

27 

0.367 

73.4 

11 

65 

0.884 

95.7 

48 

28 

0.381 

74.2 

10 

66 

0.897 

96.1 

47 

29 

0.394 

75.1 

9 

67 

0.911 

96.5 

46 

30 

0.408 

75.9 

8 

68 

0.924 

96.9 

45 

31 

0.421 

76.7 

7 

69 

0.938 

97.4 

44 

32 

0.435 

77.4 

6 

70 

0.952 

97.8 

43 

33 

0.449 

78.2 

5 

71 

0.965 

98.1 

42 

34 

0.462 

78.9 

4 

72 

0.979 

98.5 

41 

35 

0.476 

79.6 

3 

73 

0.992 

98.9 

40 

36 

0.489 

80.3 

2 

74 

1.006 

99.3 

39 

37 

0.503 

81.0 

1 

75 

1.020 

99.6 

38 

38 

0.517 

81.7 

0 

76 

1.033 

100.0 
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the  tubes  in  a  clean  condition,  and  it  is  cleaning  of  the  tubes  which  provides  the  most  im- 
perative reason  for  a  weekly  shutdown  of  a  sugar  factory  which  does  not  have  spare 
evaporator  vessels. 

Superheated  steam.  If  heat  transmission  from  saturated  steam  to  metal  is  excellent, 
superheated  steam  gives,  on  the  contrary,  a  very  poor  heat-transfer  coefficient. 


TABLE  32. IB 


RELATION  BETWEEN  PRESSURE  AND  TEMPERATURE  OF  DRY  SATURATED  WATER 
VAPOUR  AT  PRESSURES  BELOW  ATMOSPHERIC  (BRITISH  UNITS) 


Vacuum 
(in.) 

Hg  abs. 
(in.) 

Abs.  press, 
(p.s.i.) 

Temp. 
(°F) 

Vacuum 
(in.) 

Hg  abs. 

(in.) 

Abs.  press, 
(p.s.i.) 

Temp. 

(°F) 

29.92 

0 

0 

15 

14.92 

7.328 

178.9 

29 

0.92 

0.452 

76.5 

14 

15.92 

7.819 

181.8 

28 

1.92 

0.943 

99.8 

13 

16.92 

8.310 

184.6 

27 

2.92 

1.434 

114.1 

12 

17.92 

8.802 

187.2 

26 

3.92 

1.925 

124.7 

11 

18.92 

9.293 

189.8 

25 

4.92 

2.417 

133.1 

10 

19.92 

9.784 

192.2 

24 

5.92 

2.908 

140.3 

9 

20.92 

10.275 

194.5 

23 

6.92 

3.399 

146.4 

8 

21.92 

10.766 

196.7 

22 

7.92 

3.890 

151.8 

7 

22.92 

11.257 

198.9 

21 

8.92 

4.381 

156.7 

6 

23.92 

11.749 

200.9 

20 

9.92 

4.872 

161.1 

5 

24.92 

12.240 

202.9 

19 

10.92 

5.363 

165.2 

4 

25.92 

12.731 

204.8 

18 

11.92 

5.855 

169.0 

3 

26.92 

13.222 

206.7 

17 

12.92 

6.346 

172.5 

2 

27.92 

13.713 

208.5 

16 

13.92 

6.837 

175.8 

1 

28.92 

14.204 

210.3 

15 

14.92 

7.328 

178.9 

0 

29.92 

14.696 

212.0 

Claassen1  attributes  to  this  latter  coefficient  0.8%  only  of  the  value  of  the  preceding,  that 
is  to  say,  125  times  less. 

However,  a  slight  superheat  would  not  present  any  disadvantage.  In  France2,  evaporation 
has  been  conducted  with  beet  juices,  heating  the  first  vessel  with  steam  at  1.65  kg/cm2  (23.5 
p.s.i.)  and  150°C  (302°F),  that  is  to  say,  with  a  superheat  of  21  °C  (38°F).  The  juice  was  boil- 
ing at  120°C  (248 °F),  and  the  condensate  left  the  calandria  at  129°C  (264°F),  the  saturation 
temperature  corresponding  to  the  vapour  pressure.  The  heat  transmission  was  normal. 

laroschek3  states  that  superheat  is  permissible  up  to  a  temperature  of  160°C  (320°F).  It 
would  be  only  above  that  temperature  that  it  would  be  necessary  to  cool  the  vapour.  Webre4 
indicates  as  a  result  of  his  own  experience,  after  careful  investigations,  that  degrees  of 
superheat  not  exceeding  55°C  (100°F)  would  not  have  any  effect  on  heat  transmission  in 
multiple  effects  and  vacuum  pans. 

Beale  and  Stewart5  report  a  test  which  indicated  that  it  was  possible  to  reach  without  disad- 
vantage 45°C  (80°F)  of  superheat  and  that  the  heat-transfer  coefficient  did  not  fall  by  more 
than  7.5%  when  the  superheat  rose  to  80°C  (180°F). 

It  is  thus  satisfactory  to  use  steam  with  30-50°C  (50-90°F)  of  superheat. 
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Boiling  point,  (a)  Pressure.  The  boiling  point  of  water  depends  on  the  pressure.  We  give 
(Table  32.1)  boiling  points  corresponding  to  various  pressures. 

(b)  Brix.  However,  in  a  multiple  effect  in  the  sugar  factory,  it  is  not  water  which  is  boiling 
but  juice.  Now  the  boiling  point  of  a  solution  of  sugar  in  water,  or  of  a  juice,  under  a  given 
pressure,  increases  with  the  concentration  of  this  solution,  or  with  the  brix  of  this  juice. 
Under  atmospheric  pressure,  mixed  juice,  for  example,  boils  at  100.25°C  (212. 5°F)  instead 
of  100°C  (212°F).  Table  32.2  gives  the  value  of  the  boiling-point  elevation  of  solutions  of 
pure  sucrose  (according  to  Claassen) 


TABLE  32.2 


BOILING-POINT  ELEVATION  OF  SUGAR  SOLUTIONS  AND  CANE  JUICES 

(°C)  AT  760  mm  PRESSURE  (AFTER  CLAASSEN  AND  THIEME) 


Brix  

100  90  80 


10 

0.1 

0.1 

0.1 

15 

0.2 

0.2 

0.2 

20 

0.3 

0.3 

0.3 

25 

0.4 

0.5 

0.5 

30 

0.6 

0.7 

0.7 

35 

0.8 

0.9 

1.0 

40 

1.0 

1.1 

1.3 

45 

1.4 

1.5 

1.8 

50 

1.8 

1.9 

2.2 

55 

2.3 

2.5 

2.8 

60 

3.0 

3.2 

3.6 

65 

3.8 

4.1 

4.5 

70 

5.1 

5.5 

6.0 

75 

7.0 

7.5 

8.0 

80 

9.4 

10.0 

10.5 

85 

13.0 

13.7 

14.4 

90 

19.6 

20.5 

21.2 

94 

30.5 

Purity 


70  60  50  40 


0.1 

0.2 

0.2 

0.2 

0.2 

0.3 

0.3 

0.4 

0.4 

0.4 

0.5 

0.6 

0.6 

0.7 

0.8 

0.9 

0.8 

1.0 

1.1 

1.2 

1.1 

1.3 

1.4 

1.6 

1.5 

1.7 

1.9 

2.1 

2.0 

2.2 

2.4 

2.7 

2.5 

2.8 

3.1 

3.4 

3.1 

3.5 

3.9 

4.3 

4.0 

4.4 

4.9 

5.4 

4.9 

5.5 

6.0 

6.5 

6.5 

7.1 

7.7 

8.3 

8.6 

9.4 

10.1 

10.8 

11.3 

12.3 

13.1 

14.1 

15.3 

16.4 

17.4 

19.1 

22.4 

23.7 

25.3 

and  of  cane  juices  (according  to  Thieme).  The  figures  for  low  brix  values  and  for  a  purity 
of  40  have  been  obtained  by  interpolation. 

It  will  be  seen  that,  for  high  purities,  the  boiling-point  elevation  is  of  the  order  of 
magnitude  of: 

e  =    [  e  =  -         -  32.4 

100-5  \        100  -Bl 


e    -  boiling-point  elevation,  in  °C  (°F) 
B  -  brix  of  the  solution. 
The  boiling-point  elevation  for  a  pure  solution  may  be  calculated  by  the  equation: 
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Fig.  32.1.  Nomograph  of  Othmer  and  Silvis. 
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e 


0.025  B 


103.6  -  B  "V     229  -hi 


30  +  g     /   _    0.54  A  ^ 


0.045  fi 


103.6-5  X    190.5  -  h 


30  +  5  1.37  h 


)) 


£  =  brix 

h    =  vacuum,  in  cm  (in.)  of  mercury. 

(c)  Combined  effects  ofbrixandpressure.  Table  32.2  has  been  established  for  atmospheric 
pressure.  Now  the  boiling-point  elevation  of  sugar  solutions  varies  with  the  pressure,  but  bet- 
ween fairly  narrow  limits. 

The  boiling-point  elevation  of  a  solution  of  any  brix  and  purity  under  any  given  pressure 
may  be  obtained  by  the  use  of  the  nomograph  of  Othmer  and  Silvis6,  which  we  reproduce 
in  Fig.  32.1.  The  use  of  this  nomograph  gives,  for  atmospheric  pressure,  results  differing 
slightly  from  the  figures  indicated  in  Table  32.2.  There  is  no  need  to  seek  any  greater  preci- 
sion. 

Hydrostatic  pressure.  When  a  pressure  P  is  exerted  on  the  surface  of  a  liquid,  the  pressure 
to  which  the  molecules  of  the  liquid  are  subjected  at  a  certain  depth  in  the  liquid  is  equal 
to  P  increased  by  the  pressure  of  liquid  corresponding  to  the  depth. 

Since  the  boiling  point  increases  with  the  pressure,  if  the  temperature  of  the  liquid  cor- 
responds to  that  necessary  to  produce  boiling  at  the  surface,  this  boiling  would  cease  in  the 
liquid  layers  situated  at  a  certain  depth. 

However,  in  a  vessel  of  a  multiple  effect  evaporator,  we  shall  assume  that  the  transmission 
of  heat  is  sufficiently  rapid  for  the  juice  to  boil  throughout  the  full  length  of  the  tubes.  If 
it  were  otherwise,  in  fact,  the  juice  would  not  climb  up  the  tubes.  Moreover,  since  the  juice 
arrives  in  the  vessel  at  a  temperature  higher  than  that  ruling  in  that  vessel  (since  it  comes  from 
the  preceding  one),  there  is  no  need  for  any  of  the  heating  surface  to  be  used  to  bring  it  up 
to  boiling  point;  it  boils  immediately  it  makes  contact  with  the  heating  surface  (and  in  fact, 
even  before  making  this  first  contact,  owing  to  self-evaporation). 

Under  these  conditions  it  may  be  assumed  that  the  layer  of  juice  which  is  situated  at  the 
level  of  the  bottom  tube  plate  will  be  subject  to  a  hydrostatic  pressure  equal  to  the  pressure 
of  juice  which  lies  above  it.  If,  for  example,  the  hydrostatic  level  of  the  juice  in  the  vessel 
corresponds  to  one-third  of  the  height  of  the  tubes,  this  layer  will  boil  at  a  temperature  cor- 
responding to  the  vapour  pressure  in  the  vessel  increased  by  the  hydrostatic  pressure  to  which 
it  is  subjected. 

In  practice  the  matter  is  not  quite  as  simple  as  this,  owing  to  the  state  of  agitation  of  the 
juice  in  the  vessel;  but  it  is  reasonable  to  consider  that  this  hypothesis,  applied  to  the  various 
depths  of  juice  covering  the  tubular  heating  surface,  will  give  a  correct  idea  of  the  mean 
temperature  of  the  juice. 

This  comment  is  of  importance  for  the  calculation  of  multiple  effects.  If  all  the  juice  were 
at  the  temperature  corresponding  to  the  pressure  obtaining  in  the  vapour  space  of  the  vessel, 
the  temperature  drop  between  heating  vapour  and  juice  would  be  obtained  by  simply  deduc- 
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TABLE  32.3 

BOILING-POINT  ELEVATION  e'  AT  THE  BOTTOM  OF  A  LIQUID  COLUMN, 


RFI  ATIVF 

TO  BOILING  POINT  AT 

THE 

STTRFATF 

kJ  U IV 1  I  V  V  I  v 

T  (IN  °C) 

H 

Brix 

d 

P 

i 

(cm) 

(kg/ cm2) 

120 

110 

100 

90 

80 

70 

60 

50 

0 

1.00 

0.0100 

0.2 

0.2 

0.3 

0.4 

0.5 

0.7 

1.0 

1.5 

10 

1.04 

0.0104 

0.2 

0.2 

0.3 

0.4 

0.5 

0.7 

1.1 

1.6 

20 

1.08 

0.0108 

0.2 

0.3 

0.4 

0.5 

0.8 

1.1 

1.7 

30 

1.13 

0.0113 

0.2 

0.2 

0.3 

0.4 

0.6 

0.8 

1  .2 

1.8 

10 

40 

1.18 

0.0118 

0.2 

0.2 

0.3 

0.4 

0.6 

0.8 

1  .2 

1.9 

50 

1.23 

0.0123 

0.2 

0.2 

0.3 

0.4 

0.6 

0.9 

1  .3 

1.9 

60 

1.29 

0.0129 

0  3 

0.3 

0.5 

0.7 

0.9 

1  .3 

2.0 

70 

1.35 

0.0135 

0.2 

0.3 

0.4 

0.5 

0.7 

1.0 

1  .4 

2.1 

MC 

1.47 

0.0147 

0.2 

0.3 

0.4 

0.5 

0.7 

1.0 

1  .5 

2.3 

0 

1.00 

0.0200 

0.4 

0.5 

0.7 

1.0 

1.4 

2.0 

3.0 

10 

1.04 

0.0208 

n  3 

U.J 

0.4 

0.6 

0.8 

1.0 

1.5 

2.1 

3.1 

20 

1.08 

0.0216 

0  3 

0.4 

0.6 

0.8 

1.1 

1.5 

2.2 

3.2 

30 

1.13 

0.0226 

0.3 

0.5 

0.6 

0.8 

1.1 

1.6 

2.3 

3.4 

20 

40 

1.18 

0.0236 

0.4 

0.5 

0.6 

0.9 

1.2 

1.7 

2.4 

3.5 

50 

1.23 

0.0246 

0.4 

0.5 

0.7 

0.9 

1.2 

1.7 

2.5 

3.7 

60 

1.29 

0.0258 

0.4 

0.5 

0.7 

0.9 

1.3 

1.8 

2.6 

3.8 

70 

1.35 

0.0270 

0.4 

0.5 

0.7 

1.0 

1.3 

1.9 

2.7 

4.0 

MC 

1.47 

0.0294 

0.5 

0.6 

0.8 

1.1 

1.5 

2.1 

3.0 

4.3 

0 

1.00 

0.0300 

0  5 

0.6 

0.8 

1.1 

1  .5 

2.1 

3.0 

4.4 

10 

1.04 

0.0312 

0.5 

0.6 

0.9 

1.1 

1  .6 

2.2 

3.1 

4.6 

20 

1.08 

0.0324 

0  5 

0.7 

0.9 

1.2 

1  .6 

2.3 

3.2 

4.7 

30 

1.13 

0.0339 

0.7 

0.9 

1.2 

1  .7 

2.4 

3.4 

4.9 

30 

40 

1.18 

0.0354 

0.5 

0.7 

0.9 

1.3 

1  .8 

2.5 

3.5 

5.1 

50 

1.23 

0.0369 

0.6 

0.7 

1.0 

1.3 

1  .8 

2.6 

3.7 

5.3 

60 

1.29 

0.0387 

0.6 

0.8 

1.0 

1.4 

1  .9 

2.7 

3.8 

5.5 

70 

1.35 

0.0405 

0.6 

0.8 

1.1 

1.5 

2.0 

2.8 

4.0 

5.7 

MC 

1.47 

0.0441 

0.7 

0.9 

1.2 

1.6 

2.2 

3.0 

4.3 

6.2 

0 

1.00 

0.C400 

u.o 

1.1 

1.4 

2.0 

2.8 

3.9 

5.7 

10 

1.04 

0.0416 

0.8 

1.1 

1.5 

2.1 

2.9 

4.1 

5.9 

20 

1.08 

0.0432 

0.7 

0.9 

1.1 

1.6 

2.1 

3.0 

4.2 

6.1 

30 

1.13 

0.0452 

0.7 

0.9 

1.2 

1.6 

2.2 

3.1 

4.4 

6.3 

40 

40 

1.18 

0.0472 

0.7 

0.9 

1.3 

1.7 

2.3 

3.2 

4.6 

6.6 

50 

1.23 

0.0492 

0.8 

1.0 

1.3 

1.8 

2.4 

3.4 

4.8 

6.8 

60 

1.29 

0.0516 

n  r 

\J  .o 

1  0 

1  .4 

1.8 

2.5 

3.5 

5.0 

7.1 

70 

1.35 

0.0540 

0.8 

1.1 

1  .4 

1.9 

2.6 

3.7 

5.2 

7.4 

MC 

1.47 

0.0588 

0.9 

1.2 

1  .6 

2.1 

2.9 

4.0 

5.6 

8.0 

0 

1.00 

0.0500 

0.8 

1.0 

1  .3 

1.8 

2.5 

3.4 

4.8 

6.9 

10 

1.04 

0.0520 

0.8 

1.0 

1  .4 

1.9 

2.5 

3.5 

5.0 

7.2 

20 

1.08 

0.0540 

0.8 

1.1 

I  .4 

1.9 

2.6 

3.7 

5.2 

7.4 

30 

1.13 

0.0565 

0.9 

1.1 

1  .5 

2.0 

2.8 

3.8 

5.4 

7.7 

50 

40 

1.18 

0.0590 

0.9 

1.2 

1  .6 

2.1 

2.9 

4.0 

5.6 

8.0 

50 

1.23 

0.0615 

0.9 

1.2 

1  .6 

2.2 

3.0 

4.1 

5.8 

8.3 

60 

1.29 

0.0645 

1.0 

1.3 

1  .7 

2.3 

3.1 

4.3 

6.1 

8.6 

70 

1.35 

0.0675 

1.0 

1.3 

1  .8 

2.4 

3.3 

4.5 

6.3 

8.9 

MC 

1.47 

0.0735 

1.1 

1.5 

1  .9 

2.6 

3.5 

4.9 

6.8 

9.6 
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TABLE  32.3  (continued) 


H 

(cm) 

Brix 

d 



P 

f 

120 

HQ 

100 

90 

SO 

70 

60 

SO 

o 

1.00 

0.0600 

0.9 

1.2 

1,6 

2.1 

2.9 

4.0 

5,7 

8.1 

10 

1.04 

0.0624 

1.0 

1.2 

1.6 

2.2 

3.0 

4.2 

5.9 

g.4 

20 

1.08 

0.0648 

1.0 

1.3 

1.7 

2.3 

3.1 

4.4 

6.1 

8.6 

30 

1.13 

Q.Q67S 

1.0 

1.3 

1.8 

2.4 

3.3 

4,5 

6.4 

9.0 

60 

40 

1.18 

0.070« 

i.J 

1.4 

1.9 

2.5 

3.4 

4.7 

6.6 

9.3 

50 

1,23 

0.0738 

1.1 

1.5 

i.9 

2.6 

3.6 

4.9 

6.9 

9.6 

60 

1.29 

0.0774 

1.2 

1.5 

2.0 

2.7 

3.7 

5.i 

7,2 

W.O 

70 

1.35 

0,0850 

1.2 

1.6 

2.1 

2.9 

3.9 

5.3 

7.4 

[0.4 

MC 

1,47 

0.0882 

1.4 

1.7 

2.3 

3.1 

4.2 

5.8 

8.0 

U.l 

0 

1.00 

0.0700 

U 

1.4 

1.8 

2.5 

3.4 

4.7 

6.5 

9.2 

10 

1.04 

0.0728 

1.1 

1.4 

1.9 

2.6 

3.5 

4.8 

6.8 

9.5 

20 

1.08 

0.0756 

1.2 

1.5 

2.D 

2.7 

3.6 

5.0 

7.0 

9.8 

30 

1.13 

0.079) 

1.2 

1.6 

2.1 

2.8 

3.8 

5.2 

7.3 

10.2 

70 

40 

1.18 

0.0826 

1.3 

1.6 

2.2 

2.9 

3.9 

5.4 

7.6 

30.6 

50 

1.23 

0.0861 

1.3 

1.7 

2.3 

3.0 

4.1  . 

5,6 

7.8 

10.9 

60 

1.29 

0.0903 

1.4 

l.B 

2.4 

3.2 

4.3 

5.9 

8.2 

11.4 

70 

1.35 

0.0945 

1.4 

i.9 

2.5 

3.3 

4.5 

6.\ 

8.5 

11.8 

MC 

1.47 

QAQ29 

1.6 

2.0 

2.7 

3.6 

4.8 

6.6 

9.1 

12.6 

0 

1,00 

0.0800 

1.2 

1.6 

2.1 

2.8 

3.8 

5.3 

7.4 

10.3 

10 

1.04 

0.0832 

1.3 

1.7 

2.2 

2.9 

4.0 

5.5 

7.6 

10.6 

20 

1.08 

0.0864 

1.3 

1.7 

2.3 

3,0 

4.1 

5.7 

7.9 

11.0 

30 

1.13 

0.0904 

1.4 

1.8 

2.4 

3.2 

4.3 

5.9 

8.2 

11.4 

80 

40 

US 

0.0944 

1.4 

1.9 

2,4 

3.3 

4.5 

6.1 

8.5 

11.7 

50 

1.23 

0.0984 

1.5 

i.9 

2.6 

3.4 

4.7 

6.4 

8.8 

12.2 

60 

1.29 

0.1032 

1,6 

2.0 

2.7 

3.6 

4.9 

6.6 

9.2 

12.6 

70 

1.35 

0.1080 

1.6 

2.1 

2.8 

3.7 

5.1 

6.9 

9.5 

)3.1 

MC 

1.47 

0.1176 

i.a 

2,1 

3.0 

4.0 

5.5 

7.4 

10,2 

14.0 

0 

1.00 

0.0900 

1.4 

1.8 

2.3 

3.1 

4.3 

5.9 

8,2 

11,3 

10 

1.04 

0.0936 

1.4 

1.9 

2.4 

3.3 

4.4 

6.1 

8,4 

11.7 

20 

1.08 

0.0972 

1.5 

1.9 

2.5 

3.4 

4.6 

6.3 

8,7 

12.0 

30 

1.13 

QAQ17 

1.5 

2.0 

2.6 

3,5 

4.8 

6.6 

9.0 

12,5 

90 

40 

1.18 

0.1062 

1.6 

2.1 

2.8 

3.7 

5.0 

6.0 

9.4 

12.9 

50 

1.23 

0.1107 

1.7 

2.2 

2.9 

3.8 

5.2 

7  J 

9,7 

133 

60 

1.29 

0.1161 

1.8 

2.3 

3.0 

4.0 

5.4 

7.4 

10,1 

13. 8 

70 

1.35 

0.1215 

1.8 

2,4 

3.1 

4.2 

5.7 

7.7 

10.5 

14.3 

MC 

1.47 

0.1323 

2.0 

2.6 

3.4 

4.5 

6.1 

8.3 

11,2 

SS.3 

o 

).0O 

0.1000 

1.5 

2.0 

2.6 

3.5 

4.7 

6.5 

8.9 

12.3 

10 

L04 

0. 3  040 

1.6 

2.0 

2.7 

3.6 

4.9 

6.7 

9.2 

!2.7 

20 

1,08 

G.iGSO 

1.6 

2.1 

2.8 

3,7 

5,1 

6.9 

9.5 

13.5 

30 

1.13 

0.1130 

1.7 

2.2 

2.9 

3.9 

5.3 

7,2 

9.9 

13.5 

100 

40 

1.18 

o.mo 

1,8 

2.3 

3.0 

4.1 

5.5 

7.5 

10.2 

14.0 

SO 

1.23 

0.1 230 

1,9 

2.4 

3.2 

4.2 

5-? 

7.7 

10.6 

1  A  C 

14.5 

60 

1.29 

0.S29O 

2,0 

2.5 

3.3 

4.4 

6.0 

8.1 

Ii.O 

15.0 

70 

1.35 

0A35O 

2,0 

2.6 

3.5 

4.6 

6.2 

S.4 

U.4 

15.5 

MC 

1.47 

0.1470 

2,2 

2.9 

3.8 

5.0 

6.7 

9.) 

12.2 

16.5 

200 

MC 

1.47 

0.2940 

4.3 

5.5 

7,0 

9.2 

12.2 

15.9 

20.7 

26.6 
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ting  from  the  apparent  temperature  drop  the  boiling-point  elevation  corresponding  to  the 
vapour  pressure  and  to  the  brix  of  the  juice.  But  since  the  juice  in  contact  with  the  heating 
surface  boils  at  different  temperatures,  according  to  the  depth,  ranging  from  that  at  the  sur- 
face to  that  corresponding  to  the  level  of  the  lower  tube  plate,  the  temperature  drop  will 
therefore  be  obtained  by  deducting  from  the  apparent  drop:  (1)  the  boiling-point  elevation 
e  corresponding  to  the  pressure  in  the  vapour  space  and  to  the  brix;  (2)  the  supplementary 
elevation  e'  corresponding  to  the  mean  hydrostatic  pressure. 

If,  for  example,  the  hydrostatic  level  of  the  juice  is  at  one-third  of  the  height  of  the  tubes, 
it  may  be  assumed  that  the  mean  hydrostatic  pressure  will  be  that  corresponding  to  one-sixth 
of  the  height  of  the  tubes.  In  modern  evaporators  with  long  tubes,  this  consequence  of  the 
hydrostatic  pressure  is  far  from  being  negligible. 

Table  32.3  gives  the  boiling-point  elevation  e'  of  the  lower  layers  of  sugar  solutions  of 
various  concentrations,  as  a  function  of  the  boiling  point  Tat  the  surface  corresponding  to 
the  pressure  obtaining  above  the  liquid.  In  this  Table,  all  figures  are  given  in  metric  units: 
H    =  depth  of  the  liquid  layer  under  consideration,  in  cm 
d     =  density  of  the  solution 

P    =  hydrostatic  pressure  which  is  added  to  the  pressure  obtaining  above  the  liquid,  and 

is  expressed  in  kg/cm2  (for  p.s.i.,  multiply  by  14.22) 
MC  =  heavy  massecuite. 

Properties  of  steam.  In  evaporator  calculations,  the  properties  of  saturated  steam  are  in- 
volved at  every  step.  We  shall  find  in  Table  41.1  (p.  1034): 

(1)  The  boiling  point  t  of  water  corresponding  to  each  pressure 

(2)  The  sensible  heat  q  contained  in  water  which  has  attained  that  temperature 

(3)  The  latent  heat  or  heat  of  vaporisation  r  of  water,  for  this  temperature,  i.e.  the  quantity 
of  heat  units  which  must  be  supplied  to  the  water  to  change  it  into  vapour  at  the  pressure 
and  temperature  given. 

For  the  temperatures  which  are  met  with  in  evaporation  work,  these  two  quantities  of  heat, 
q  and  r,  may  be  obtained  with  sufficient  precision  by  the  formulae  of  Regnault: 

q  =  t  (q  =  t  -  32         (t  J?  32°F))  (32.5) 

r  =  607  -  0.7 1  (r  =  1.093  -  0.7  (t  -  32))  (32.6) 

\  =  q  +  r=  607  +    0.3  f        (\  =   1.093  +  0.3  (t  -    32))  (32.7) 

q    =  sensible  heat  supplied  to  unit  weight  of  water  to  raise  it  from  freezing  point  to  f  °,  ex- 
pressed in  kcal/kg  (B.T.U./Ib.) 

r    =  latent  heat  of  vaporisation  of  water  at  t  °>  i.e.  the  quantity  of  heat  to  change  unit  weight 
of  water  into  steam  at  the  same  temperature,  in  kcal/kg  (B.T.U./lb.) 

X   =  total  heat  to  be  supplied  to  unit  weight  of  water,  starting  at  0°C  (32°F),  to  change  it 
to  steam  at  t°,  expressed  in  kcal/kg  (B.T.U./lb.). 
We  would  comment  that  these  three  equations  adopt  for  their  datum  point  the  temperature 

of  0°C  (32°F). 

Strictly  speaking,  the  specific  heat  of  water  increases  slightly  with  temperature.  At  100°C 
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(212°F),  it  is  not  1  but  1.013.  It  is  not  necessary,  however,  to  complicate  the  preceding  for- 
mulae by  taking  this  into  account. 

Object  of  evaporation 

The  clarification  process  has  given  a  clear  juice.  This  consists  of  sugar  dissolved  in  water, 
together  with  certain  impurities.  Now  that  we  have  removed  the  impurities  as  far  as  possible, 
it  remains  to  remove  the  water.  This  is  the  object  of  evaporation. 

However,  in  proportion  as  we  extract  water  from  the  juice,  the  sugar  will  become  concen- 
trated. It  will  then  approach  the  point  of  saturation,  that  is,  the  point  at  which  crystals  will 
begin  to  appear  in  the  liquid. 

The  concentration  is  pushed  to  its  maximum  until  there  is  left  for  the  mother  liquor  only 
the  space  remaining  free  between  the  crystals.  The  name  given  to  the  mixture  so  obtained 
of  solid  crystals  and  viscous  mother  liquor  is  "massecuite".  Such  a  mass  obviously  cannot 
be  handled  like  a  juice  or  a  liquid  syrup.  Hence  the  concentration  process  is  separated  into 
two  phases: 

(a)  Evaporation  so  called,  which  proceeds  from  clear  juice  to  syrup,  and  during  which  we 
are  dealing  only  with  a  liquid  material 

(b)  The  sugar  boiling,  which  commences  just  before  the  stage  where  crystals  appear  in  the 
syrup,  and  which  proceeds  up  to  the  maximum  concentration. 

The  impurities  obviously  remain  in  the  mother  liquor,  as  also  does  part  of  the  sucrose.  It 
remains  then  to  separate  the  sugar  crystals  from  the  mother  liquor  and  to  strive  to  extract 
from  the  latter  as  much  as  possible  of  the  sugar  which  rt  retains.  We  shall  study  these  opera- 
tions under  sugar  boiling  and  centrifuging. 

Boundary  between  evaporation  and  sugar  boiling.  The  point  at  which  cane  juice  begins  to 
crystallise  is  in  the  neighbourhood  of  78-80°  brix  (41  -42°  Baume).  Theoretically,  there- 
fore, the  evaporation  could  be  carried  on  up  to  72  or  75°  brix.  In  practice,  the  sugar  boilers 
require  a  syrup  capable  of  dissolving  further  crystals,  so  that  they  may  dissolve  false  grain 
which  may  form  at  the  beginning  of  a  charge;  this  condition  is  indispensable  for  obtaining 
good  results  at  the  pan  stage. 

For  this  reason  a  brix  figure  of  72°  is  never  exceeded.  The  evaporators  are  designed  and 
operated  in  such  a  way  that  the  brix  of  the  syrup  lies: 
For  raw  sugar  manufacture:  between  60  and  70°  brix  (32-37°  Be) 
For  white  sugar  manufacture:  between  50  and  60°  brix  (27-32°  Be). 

Quantity  of  water  to  be  evaporated 

Let: 

E  =  weight  of  water  to  be  evaporated  %  cane,  in  kg  (lb.) 

/  =  weight  of  juice  obtained  %  cane,  in  kg  (lb.) 

S  =  weight  of  syrup  %  cane,  leaving  the  multiple  effects,  in  kg  (lb.) 

B.  =  brix  of  juice 

Bs  =  brix  of  syrup. 

Since  the  weight  of  dissolved  material  is  the  same  before  and  after  evaporation,  we  may 
equate  these  quantities  as  follows: 
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JB.    =  SB 

s 


whence: 


(32.8) 


and: 


E=J-S=J\l 


(32.9) 


if  J  =  100%  cane,  B    =  13,  B  =  65,  we  have: 

J  '  s 


E  =  100 


{'--65) 


=  80%  cane 


We  see  also  here  the  importance  of  evaporation  in  the  sugar  factory:  it  is  the  operation 
which  eliminates  by  far  the  greatest  weight  of  material:  80%  of  the  weight  of  cane.  By  reason 
of  the  high  latent  heat  of  vaporisation  of  water,  this  will  also  obviously  be  the  operation 
which  involves  the  greatest  number  of  heat  units. 


The  greatest  and  most  striking  advance  in  the  history  of  sugar  manufacture  was  no  doubt 
the  development  of  multiple-effect  evaporation,  conceived  about  1830  by  Norbert  RiHieux, 
an  American  of  French  origin,  and  introduced  by  him  in  Louisiana  in  1844. 

Evaporation  in  open  pots  over  a  fire  had  already  been  abandoned,  and  evaporation  of 
juice  by  heating  with  steam  had  been  commenced.  Rillieux's  idea  was  the  following:  since 
steam  is  used  for  heating  juice  to  evaporate  the  water  which  it  contains,  why  not  utilise  in 
the  same  way  the  vapour  so  furnished  by  the  juice  in  order  to  heat  a  further  portion  of  juice, 
or  to  finish  the  evaporation  already  commenced  by  ordinary  steam? 

One  obstacle  presents  itself  immediately:  with  steam  at  110°C  (230°F)  (pressure  of  0.4 
kg/cm2  (6  p.s.i.),  juice  at  atmospheric  pressure  may  be  heated  and  evaporated.  The  vapour 
of  juice  so  boiling  at  atmospheric  pressure  is  at  100°C  (212°F).  But  with  vapour  at  that 
temperature  it  is  not  possible  to  boil  juice  at  the  same  temperature;  a  temperature  difference 
is  necessary  between  the  heating  fluid  and  the  fluid  to  be  heated. 

Rillieux  resolved  this  difficulty  by  putting  the  vessels  following  the  first  under  vacuum, 
water  or  juice  boiling  at  90°C  (194°F)  under  23  cm  (9  in.)  of  vacuum,  at  80°C  (176°F)  under 
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40  cm  (16  in.)  of  vacuum,  at  70°C  (158°F)  under  52  cm  (20  in.),  etc.;  it  thus  became  possible 
to  create  the  necessary  temperature  difference  and  to  utilise  the  vapour  arising  from  the  juice 
in  the  first  vessel  to  heat  the  juice  in  the  second  vessel,  the  vapour  produced  by  the  second 
to  heat  the  third,  and  so  on  (Fig.  32.2). 


Vapour  from  juice 


Fig.  32.2.  Multiple-effect  principle. 

This  solution  has  the  disadvantage  of  requiring  an  installation  to  create  the  necessary 
vacuum.  But  boiling  under  vacuum  presents  two  great  advantages: 

(a)  It  increases  the  total  difference  in  temperature  between  steam  and  juice  by  a  quantity 
equal  to  the  drop  in  boiling  point  of  the  juice  between  the  pressure  of  the  first  and  that  of 
the  last  vessel. 

(b)  It  permits  evaporation  to  be  carried  out  at  temperatures  proportionately  less  danger- 
ous, from  the  point  of  view  of  inversion  and  of  coloration  of  the  juice,  as  the  juice  becomes 
more  concentrated  and  more  viscous. 

Upper  limit.  There  is  a  certain  critical  temperature  above  which  the  sugar  in  the  juice  tends 
to  caramelise,  causing  at  the  same  time  a  loss  of  sucrose  and  a  coloration  which  will  persist 
to  the  final  crystals  of  sugar. 

In  Czechoslovakia7,  and  for  beet  juices,  the  critical  temperature  has  been  stated  as  130°C 
(266°F).  Quillard8  considers  that  the  first  experiments  of  Kestner  in  1906  demonstrated  that 
juices  could  be  submitted  for  a  short  time  to  a  temperature  of  129°C(264°F)  without  produc- 
ing any  decomposition.  For  cane  juices,  Deerr9  gives  a  temperature  of  127°C  (260°F); 
Tromp10  indicates  130°C(266°F)  as  the  maximum  temperature  for  steam  for  heating,  or  ap- 
proximately I25°C  (257°F)  for  the  juice. 

Honig11  recommends  118°C  (244°F),  on  condition  that  the  juice  does  not  remain  more 
than  two  minutes  at  this  temperature;  but  he  is  thinking  then  particularly  of  colour  develop- 
ment in  the  juice. 

The  limits  acceptable  for  beet  sugar  juice  cannot  be  used  for  cane,  since  beet  juice  is  more 
stable  to  temperature  and  less  liable  to  deteriorate  than  cane  juice. 

For  normal  acidities  of  the  juices  circulating  in  a  multiple  effect  (pH  =  6.5  —  7.2),  the  loss 
of  sucrose  by  inversion  scarcely  exceeds  0.1%  per  hour  at  110°C  (230°F).  Above  this,  the 
loss  increases  rapidly.  So  that  it  may  remain  negligible  in  an  ordinary  multiple  effect  where 
the  juice  remains  several  minutes,  or  in  a  Kestner,  where  it  spends  1-2  minutes,  it  is  ad- 


506 


EVAPORATION 


Ch.  32 


visable  not  to  exceed,  as  the  temperature  of  the  juice  in  the  first  vessel,  the  figures  gives  in 
Table  32.4. 

In  the  case  of  falling-film  evaporation,  where  the  passage  of  the  juice  is  very  rapid, 
temperatures  may  be  allowed  up  to  130°C  (266°F). 

TABLE  32.4 

MAXIMUM  TEMPERATURES  IN  MULTIPLE  EFFECTS 

Ordinary  multiple  effect  120°C  (1.0  kg/cm2)  =  248T  (14.3  p.s.i.) 
Kestner  125°C(1.3  kg/cm2)  =  257°F  (19.3  p.s.i.) 

This  corresponds  to  steam  temperatures  in  the  calandria  of  the  first  vessel  of  approximately: 

Ordinary  multiple  effect  125  -  130°C  (1 .3  -  1.7  kg/cmz)  =  257 - 266°F  (19,3  - 24.6  p.s.i.) 
Kestner  130-  135°C  (1 .7-2.2  kg/cm2)  =  266- 275°F  (24.6- 30.9  p.s.i.) 


Lower  limit.  The  lower  limit  of  the  temperature  range  withing  which  a  multiple  effect 
operates  is  the  boiling  point  corresponding  to  the  vacuum  obtained  in  the  last  vessel  of  the 
set. 

In  the  sugar  factory,  a  vacuum  of  66-68  cm  (26  —  27  in.)  is  readily  obtained,  which  would 
correspond  to  a  boiling  temperature  of  47-52°C  (117-125°F).  But  for  various  reasons 
which  we  shall  see  later  (pp.  541,  610  and  649),  it  is  of  advantage  to  maintain  a  vacuum  of 
only  63  -  66  cm  (25  -26  inches),  or  56-52°C  (133  -  125°F).  We  shall  normally  reckon  on 
55  °C  or  64  cm  of  vacuum,  and  it  will  be  this  temperature  and  this  vacuum  which  we  shall 
recommend  should  be  sought  at  this  point. 

Overall  temperature  range.  Adopting  the  latter  value,  we  see  that  the  extreme  range  of 
temperatures  within  which  evaporation  is  carried  out  is  70°C  ( =  125  -  55°C).  This  extreme 
range  is  restricted  generally  to  55  or  60°C  (=  115  or  110  -  55°C). 

Syrup  temperature.  The  syrup  enters  the  last  vessel  generally  at  about  40°  brix  and  leaves 
it  at  60  or  65°  brix.  It  has  a  mean  brix  value  then  of  50-55.  The  boiling-point  elevation  cor- 
responding to  this  brix  and  this  vacuum  is  approximately  2°C  (4°F)  (cf.  Fig.  32.1). 

To  these  2°C,  the  boiling-point  elevation  due  to  hydrostatic  pressure  should  be  added. 
Hence  a  temperature  of  55  °C  (131  °F)  in  the  vapour  space  of  the  last  vessel  corresponds  to 
58-60°C  (136-  140°F)  as  the  mean  temperature  of  the  syrup  in  this  vessel. 


CONSTRUCTION  OF  MULTIPLE  EFFECTS  ' 

Evaporation  by  heating  with  steam  in  a  single  vessel  is  called  evaporation  in  single  effect. 

If  the  juice  from  the  vapour  in  this  vessel  is  taken  for  heating  a  second  vessel  we  have  a 
double  effect.  In  the  same  way,  with  three  vessels,  we  have  a  triple  effect.  And  so  on  in  turn: 
a  quadruple,  a  quintuple,  a  sextuple  effect.  There  are  thus  as  many  evaporator  vessels  as  ef- 
fects. 


CONSTRUCTION  OF  MULTIPLE  EFFECTS 


507 


Save  all 


Vapour  from  juia- 


Non-condensqble 
gases- 


Steam 


Condensate 


Fig.  32.3.  Evaporation  vessel. 


The  commonest  evaporators  encountered  in  practice  are  triple,  quadruple  and  quintuple 
effects. 


The  evaporator  vessel 

The  standard  multiple-effect  evaporator  consists  of  a  vertical  cylinder,  built  onto  the  tubular 
calandria  across  which  the  heat  exchange  takes  place  (Fig.  32.3). 

This  cylindrical  body  terminates  at  the  top  in  a  "save-all",  the  object  of  which  is  to 
separate  the  liquid  droplets  which  may  be  entrained  with  the  vapour  from  the  juice. 

Previously  the  evaporator  bodies  were  always  fabricated  in  cast  iron.  More  recently, 
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fabrication  in  steel  plate  is  becoming  more  and  more  common.  This  permits  of  evaporator 
bodies  which  are  less  brittle,  lighter  and  less  expensive. 

Height  of  the  vessel.  On  examining  a  sectional  view  of  an  evaporator  (Fig.  32.3),  one  is 
immediately  struck  by  the  large  space  lost  above  the  tubular  calandria.  This  space  represents 
the  greater  part  of  the  volume  taken  up  by  the  equipment.  However,  it  does  not  serve  for 
juice,  the  level  of  which  should  not  go  above  the  upper  tube  plate.  Its  object  is  to  diminish 
risk  of  entrainment  of  droplets  of  juice  projected  by  the  boiling.  There  is  some  reason  for 
the  customary  saying  "the  best  entrainment  separator  is  a  high  vessel". 

Tromp12  quotes  an  American  view  that  the  height  of  the  cylindrical  body,  above  the  calan- 
dria, should  be  1.5  times  to  twice  the  length  of  the  tubes.  It  is  wise  to  specify  at  least  twice; 
moreover,  Tromp13  later  recommended  2\  times.  In  Europe,  a  minimum  of  3.6  -  4.0  m  (12  -  13 
ft.)  is  adopted. 

Diameter.  The  diameter  of  the  vessel  also  has  an  important  effect  on  entrainment.  Accor- 
ding to  the  experiments  of  Loschge14,  the  area  for  evaporation,  i.e.  the  horizontal  section 
of  the  vessel,  should  provide  1  m2/400  m3/h  (1  sq.ft./l,300cu.ft./h)  of  steam  produced,  if 
dry  vapour  is  to  be  obtained.  The  velocity  of  vapour  leaving  the  liquid  surface  would  then 
be  approximately  10  cm/s  (0.3  ft./s). 

This  indicates  that  it  would  be  necessary  to  provide  a  larger  vessel  as  the  specific  volume 
of  the  vapour  produced  is  higher,  that  is,  when  the  pressure  is  lower. 

In  present  designs,  this  rule  is  not  followed,  as  it  would  lead  to  prohibitive  figures  for  the 
diameters,  and  thus  vapour  velocities  in  the  vessels  reach  3.6  —  4.6  m/s  (12 —  15  ft./s)  in  the 
latter  vessels.  Hence  the  necessity  of  providing  entrainment  separators  or  save-alls  at  the 
vapour  outlets  from  the  evaporator  vessels.  In  any  case,  it  is  considered15  that  entrainment 
rapidly  becomes  excessive  from  the  moment  when  the  vapour  velocity  in  the  vessel  reaches 
6  m/s  (20  ft./s). 

Sight  glasses.  In  order  to  observe  the  working  of  the  evaporator,  and  to  see  what  is  happen- 
ing inside  it,  the  evaporator  is  furnished  with  windows  or  sight  glasses  formed  of  thick  glass 
enclosed  between  the  wall  of  the  evaporator  and  a  brass  frame,  and  bolted  on  with  a  soft 
joint  between. 

French  manufacturers  sometimes  provided  rectangular  sight  glasses  superposed  in  a  ver- 
tical line  situated  on  the  front  face  of  the  evaporator  body.  They  forgot  that  a  man  has  two 
eyes  placed  on  the  horizontal  and  not  on  the  vertical  line.  Circular  sight  glasses,  which  are 
more  convenient,  are  now  general. 

The  sight  glasses  should  be  placed  on  two  opposite  vertical  lines  so  that  what  is  happening 
in  the  vessel  is  seen  against  a  window  and  not  against  a  dark  background.  The  best  arrange- 
ment is  to  install  a  lateral  window  at  45°  from  the  front  of  the  vessel  in  addition  to  sight 
glasses  at  front  and  back;  outside  this  extra  window  will  be  placed  a  powerful  light  with  a 
reflector  which  will  light  up  the  interior  of  the  vessel,  without  dazzling  the  observer. 

The  calandria 

The  bore  of  the  holes  provided  in  the  tube  plates  to  take  the  tubes  should  be  about  0.75  mm 
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(y;  in.)  greater  than  the  exterior  diameter  of  the  tubes. 

Vertical  baffles  are  often  placed  in  the  calandria,  with  the  object  of  compelling  the  steam 
to  follow  a  certain  path.  Unfortunately  it  is  impossible  to  remove  or  replace  these  metal  baf- 
fles, which  are  subject  to  corrosion.  When  they  are  destroyed  or  damaged,  the  steam  does 
not  follow  the  path  originally  intended  for  it,  and  the  position  of  the  incondensable-gas 
withdrawal  pipes  generally  becomes  unsuitable  for  the  new  steam  path. 

Centre  well.  The  calandria  is  generally  designed  with  a  wide  tube  or  centre  well,  the  object 
of  which  is  to  return  to  the  bottom  the  juice  which  has  been  projected  over  the  top  tube  plate. 
This  centre  well  is  often  utilised  to  collect  the  concentrated  juice  in  order  to  remove  it  from 
one  vessel  to  the  following  vessel. 

The  diameter  of  the  centre  well  varies  from  4  to   g   of  the  interior  diameter  of  the  vessel. 

Certain  manufacturers  replace  the  centre  well  by  a  lateral  well,  on  annular  downtake,  or 
by  a  series  of  downtakes  of  small  diameter  distributed  over  the  calandria. 

Tubes.  The  tubes  of  the  calandria  were  of  steel  or  of  brass.  Tubes  of  brass  or  stainless  steel 
have  a  much  longer  life. 

The  best  brass  for  the  tubes  of  a  multiple  effect  has  the  composition  Cu  =  70%,  Zn  = 
30%,  or  preferably  Cu  =  70%,  Zn  =  29%,  Sn  =  1%,  or  Cu  =  64%,  Zn  =  36%,  the  latter 
being  known  under  the  name  of  alloy  U-Z  36. 

If  the  proportion  of  copper  falls  below  60%,  the  metal  becomes  subject  to  attack  by  the 
incondensable  gases. 

Brass  tubes  must  be  annealed  at  their  ends,  otherwise  they  will  become  brittle  after  expan- 
ding, and  susceptible  to  split  lengthwise.  Tubes  of  stainless  steel  are  the  best,  but  are  expen- 
sive. 

Stainless  steel  for  tubes  is  generally  430  (17%  Cr),  or  AI  SI  304  (18%  Cr  +  8%  Ni). 

Length  of  tubes.  The  length  of  the  tubes  in  standard  multiple  effects  varied  originally  from 
1.2  to  1.5  m  (4-5  ft.).  However,  manufacturers  have  increased  the  length  of  the  tubes  as 
far  as  4.6  m  (15  ft.).  The  evaporation  rate  does  not  gain  anything  from  this,  but  for  a  given 
evaporation  duty  one  obtains  in  this  way  vessels  which  take  up  less  space  and  are  more 
economical.  The  lengths  most  generally  used  today  range  from  2.25  to  4  m  (7-  13  ft.). 

The  length  of  the  tubes  should  be  about  7  mm  (}  in.)  greater  than  the  exterior  distance  bet- 
ween the  tube  plates.  They  will  then  project  about  3  mm  (|  in.)  outside  the  tube  plates. 

Choice  of  lengths  of  tubes.  Previously,  multiple  effects  often  consisted  of  similar  vessels 
with  identical  tubes.  However,  for  economy,  vessels  are  sometimes  adopted  using  tubes  of 
the  same  diameter,  but  of  lengths  decreasing  from  the  first  to  the  last  vessel,  with  15  —  20 
cm  (6-8  in.)  difference  between  one  vessel  and  the  next. 

The  tubes,  in  practice,  wear  or  corrode  mostly  near  their  ends  close  to  the  tube  plates.  In 
this  way,  when  they  reach  the  stage  where  they  have  to  be  replaced  they  may  then  be  removed 
from  all  the  vessels  and  a  length  of  75  -  100  mm  (3-4  in.)  cut  off  each  end  of  the  tubes, 
which  may  then  be  replaced  in  the  following  vessel  in  each  case.  The  only  new  tubes  to  be 
purchased  then  are  those  for  the  first  vessel. 
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The  longest  tubes  are  kept  for  the  first  vessel  because  this  is  generally  the  one  which  re- 
quires the  largest  heating  surface,  and  the  one  in  which  the  juice  is  most  fluid  and  in  the  best 
condition  to  climb  up  the  tubes. 

Diameter  of  tubes.  The  tubes  of  multiple  effects  have  an  interior  diameter  varying  from 
27  to  50  mm  (1-2  in.).  Their  thickness  varies  from  1.5  to  2.5  mm  (0.06-0.10  in.)  for  steel 
tubes  and  from  1.5  to  2.0  mm  (0.06  —  0.08  in.)  for  brass  tubes.  The  commonest  dimensions 
are  as  follows: 


Steel:  27  X  30     30     x  35     31     x  35     34    x  38       39.5   x   44.5     45     x  50  mm 

Brass:  27  X  30     28.8    x  32     32     x  35     34.8    x  38       41.8   x  45       46     x  50  mm 

Stainless  steel:  32.6  x  35     ?f5,   x  II]  47.5   x  50.8  mm 


with  a  tendency  to  standardise  stainless-steel  tubes  for  cane  sugar  at  35.6  X  38.1  mm  (1.4 
X  1.5  in.);  or,  in  terms  of  outside  diameters  for  both  steel  and  brass  tubes,  32,  35,  45,  50 
mm  (1^,  If,  If,  2  in.)  o.d. 

Tubes  of  the  smallest  diameter  (30  mm  o.d.)  are  seldom  employed,  however,  except  in  the 
beet  industry.  Those  of  32  x  35  mm  (1|  in.  o.d.)  are  often  replaced  by  those  of  33  x  36  mm 
(lfgin.  o.d.),  which  is  a  standard  dimension  in  America  and  also  in  certain  European  coun- 
tries. 

In  the  beet  industry  multiple  effects  are  often  used  with  tubes  of  27  x  30  mm  (1^  in.  o.d.) 
in  all  vessels  from  the  first  to  the  last.  In  the  cane  sugar  industry,  small  diameters  for  the 
last  vessels  are  avoided.  Certain  practical  men  refuse  to  go  below  50  mm  (2  in.)  o.d.  (which, 
moreover,  is  the  maximum  size)  for  the  last  two  vessels.  However,  this  dimension,  previously 
standard,  no  longer  corresponds  to  actual  practice,  and  we  would  recommend  the  adoption 
of  brass  tubes  of  34.8  x  38  mm  (1^  in.  o.d.). 

With  steel  tubes  the  tendency  is  to  employ  mainly  34  x  38  mm. 

Narrower  tubes  give  theoretically  a  better  coefficient  of  heat  transfer,  because  the  mean 
distance  of  particles  of  juice  from  the  heating  surface  is  smaller.  They  permit  also  of  the  in- 
stallation of  a  larger  heating  surface  in  a  vessel  of  a  given  diameter.  On  the  other  hand,  they 
are  more  difficult  to  clean  by  hand  or  by  mechanical  cleaner,  because  it  is  necessary  to  pass 
the  cleaning  tool  through  a  greater  number  of  tubes.  When  small  tubes  are  employed,  it  is 
of  advantage  to  clean  the  vessels  by  means  of  acid  rather  than  mechanical  descalers. 

Claassen16  estimates  that  tubes  of  small  diameter  work  better  at  low  evaporation  rates, 
whereas  larger  tubes,  offering  more  space  to  the  mounting  bubbles,  work  better  at  high  rates. 

The  choice  of  diameter  of  tubes  for  a  multiple  effect,  however,  is  not  of  prime  importance. 

What  is  important,  in  our  opinion,  is  to  adopt  for  the  whole  factory  a  standard  external 
diameter  of  tubes,  34.8  x  38  mm  (lj  in.  o.d.),  for  example,  and  to  use  this  for  the  heaters 
as  well  as  the  multiple  effect. 

Interdependence  of  diameter  and  length  of  tubes.  Moreover,  diameter  and  length  of  tubes 
are  not  independent  of  each  other.  The  tubes  actually  permit  of  a  better  climbing  film  of  juice 
as  they  become  narrower,  since  the  climbing-film  effect  depends  on  the  relationship  between 
heating  surface  of  the  tube  and  its  interior  cross-section. 
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This  consideration  limits  the  length  permissible  for  each  diameter.  Table  32.5  gives  the 
order  of  size  of  these  dimensions. 

TABLE  32.5 

MAXIMUM  LENGTH  OF  EVAPORATOR  TUBES  FOR  DIFFERENT  DIAMETERS 

Diameter  Maximum  length 


(mm)  (m)  (ft.) 


50  {2  in.  o.d.)  2.5  8 

38  3.5  11 

35  (]|  in  o.d.)  4.0  13 

30  4.50  15 


In  the  cane  sugar  factory  it  would  be  wise  to  keep  definitely  below  these  maxima. 

However,  it  is  desirable  to  take  into  account  the  evaporation  rates  and  the  brix  of  the  juice, 
in  other  words,  of  the  place  of  the  vessel  in  the  set  .  From  this  point  of  view,  it  is  desirable 
to  supplement  the  preceding  table  by  Table  32.6,  considering  only  the  present  standard 
diameter  of  38  mm,  and  replacing  the  maximal  length  of  tube  by  the  assumed  optimal 
length,  taking  into  account  all  factors,  including  cost. 

TABLE  32.6 

LENGTHS  RECOMMENDED  FOR  TUBES  OF  THE  MUITIPLE  EFFECT 

Tube  length  (optimal) 

1st  vessel         2nd  vessel         3rd  vessel         4th  vessel  5th  vessel 

4.0  m  (13  ft.)  3.5  m  (11  ft.)    3.0  m  (10  ft.)    2.5  m  (S  ft.)   2.25  m  (7.5  ft.) 


By  optimal  length,  we  understand  the  best  compromise  between  cost  and  floor  space  in- 
volved for  a  vessel  on  one  hand,  and  the  evaporation  rate  which  can  be  obtained  in  good 
average  regular  operation,  on  the  other  hand.  The  evaporation  rate  in  fact  tends  to  fall  as 
the  length  of  tubes  increases,  for  a  given  design  of  vessel  and  a  given  tube  diameter. 

Actually  this  optimal  length  decreases  with  the  place  of  the  vessel  in  the  set,  since  the  film 
effect  is  more  marked,  as  the  juice  is  less  viscous  and  the  vapour  at  higher  temperature;  hence 
the  figures  in  Table  32,6. 

Arrangement  of  the  tubes.  The  layout  of  the  tubes  in  the  tube  plates  generally  follows  a 
staggered  arrangement  (Fig.  32.4). 

This  arrangement  permits  the  greatest  number  of  tubes  to  be  accommodated  per  unit  area 
of  the  plates,  for  a  given  distance  between  the  tubes. 

The  tubes  are  thus  arranged  in  straight  lines  in  three  different  directions  at  120°  to  one 
another  (Fig.  32.5). 

Since  this  arrangement  is  that  which  permits  the  maximum  density  of  tubes,  what  relation- 
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Fig.  32.4.  Arrangement  of  tubes.  Fig.  32.5.  Layout  for  a  staggered  arrangement. 


ship  should  be  observed  between  the  exterior  diameter  de  of  the  tubes  and  the  distance  p 
between  the  tubes,  centre  to  centre? 

This  distance/?  between  the  centres  of  two  adjacent  tubes  is  called  the  "pitch"  of  the  tubes. 
If  we  use  s  for  the  exterior  cross-section  of  a  tube  and  a  for  the  corresponding  area  of  the 
tubed  portion  of  the  tube  plate,  we  see  readily  that  we  have  (Fig.  32.6): 

e 

s          4  x  d2 

1  =  -       =  -^L_  ■  _i  (32.10) 

o      V3  2  V~3  p2 

2  y 

If  we  designate  by  k  the  ratio  of  the  area  of  the  holes  to  the  total  area  of  the  plane,  we 
shall  then  have: 

PL  _  .  (32.li) 
d1    2k  -n  K 

e  e  e 
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hence: 

p  =  0.952  (32.12) 
V  ke 

The  coefficient  k  increases  slightly  with  the  diameter  of  the  tubes.  It  varies  from  0.45  to 
0.55  in  modern  vessels.  If  we  adopt  0.5  we  should  have: 

p  =  1.35  de  (32.13) 

The  minimum  width  of  the  strip  of  metal  separating  two  neighbouring  holes  is  then  ap- 
proximately one-third  of  the  diameter  of  the  tubes.  This  width  is  termed  the  "ligament". 

Area  of  juice  passage.  The  coefficient  ke  corresponds  to  the  external  area  of  the  tubes, 
and  consequently  to  the  area  of  the  holes  in  the  plate.  If  we  are  interested  in  the  area  of  the 
passage  offered  to  the  juice  circulating  through  the  tubes,  it  is  necessary  to  consider  the  inter- 
nal cross-section  of  the  tubes.  We  have  then: 

k.  =  -  =  A:  -  (32.14) 
<*  eSe 

kj  =  ratio  of  the  cross-section  of  juice  passage  in  the  tubes  to  the  corresponding  area  of  the 

plate,  in  the  portions  which  are  entirely  used  for  tubes 
s.   =  interior  cross-section  of  one  tube. 
The  ratio  s./s  has  a  value  0.878  for  tubes  of  35.6  x  38  mm. 

However,  these  coefficients  ke  and  A:  apply  only  to  the  portions  of  the  tube  plate  which 
carry  the  tubes.  If  it  is  desired  to  compare  the  total  cross-section  of  juice  passages  of  all  the 
tubes,  sp  to  the  total  surface  E  of  the  tube  plate,  it  is  necessary  to  modify  this  latter  figure 
by  a  second  coefficient  a  which  takes  into  account  the  space  lost  by  the  tie  rods  and  the  steam 
lanes,  and  the  space  lost  around  the  border  of  the  calandria,  and  also  by  a  third  coefficient 
0  which  takes  into  account  the  centre  well.  We  have  then: 

s.  =  k.apZ  (32.15) 

a      is  of  the  order  of  0.98 

(8      depends  entirely  on  the  centre  well:  @  =  1  -  D2/A2 

D  =  diameter  of  centre  well 

A  =  interior  diameter  of  the  vessel. 

The  total  coefficient  k  =  k.ac{3,  which  varies  from  0.33  to  0.38  (mean  0.36),  measures  the 
ratio  between  the  cross-section  of  passages  offered  to  the  juice  by  the  small  tubes  and  the 
total  cross-section  of  the  vessel. 
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CIRCULATION  OF  STEAM  AND  VAPOUR 

The  steam  or  vapour  is  admitted  to  the  calandria  by  one,  two  or  more  inlets.  Generally,  only 
one  vapour  inlet  is  used  in  vessels  of  less  than  3  m  (10  ft.)  diameter;  two  are  provided  for 
vessels  of  3  m  or  more  diameter,  sometimes  four  for  very  large  vessels,  in  such  a  way  as  to 
supply  effectively  all  the  tubes;  some  would  otherwise  be  too  far  away  from  a  single  entry. 

In  the  case  of  a  very  high  calandria,  each  steam  entry  may  be  divided  between  two  open- 
ings, placed  at  g  and  I  of  the  height  of  the  tubes. 

At  the  point  furthest  from  the  inlet  or  the  inlets,  the  pipes  for  withdrawal  of  incondensable 
gases  are  located. 

In  order  to  facilitate  access  of  vapour  to  the  furthest  portions  of  the  calandria,  steam  lanes 
are  often  provided  between  the  tubes;  these  are  obtained  by  simply  leaving  out  rows  of  tubes 
over  part  of  their  length  (Fig.  32.7). 


Fig.  32.7.  Example  of  vapour  lanes. 


Calculation  of  vapour  pipes 

From  considerations  of  economy  on  the  one  hand,  and  of  pressure  drops  and  risks  ofentrain- 
ment  on  the  other  hand,  the  vapour  pipes  are  calculated  so  as  to  give  the  approximate  vapour 
velocities  shown  in  Table  32.7: 

TABLE  32.7 


VAPOUR  VELOCITIES  RECOMMENDED,  IN  m/S  (ft./s) 


Triple 

Quadruple 

Quintuple 

(ml 

1 

(ft. 

/s) 

(m/s) 

(ft./s) 

(m/s) 

(fi- 

fs> 

Exhaust  steam  to  1st  effect 

25- 

30 

80- 

- 100 

25 

-30 

80- 

100 

25 

-30 

80- 

100 

Vapour  from  1st  effect 

30- 

35 

100- 

115 

30 

-35 

100- 

115 

30 

-35 

100- 

115 

Vapour  from  2nd  effect 

40- 

45 

130- 

150 

35 

-40 

115- 

-130 

30 

-35 

100- 

115 

Vapour  from  3rd  effect 

50- 

60 

165- 

200 

40 

-45 

130- 

-150 

35 

-40 

115- 

130 

Vapour  from  4th  effect 

50 

-60 

165- 

-200 

40 

-45 

130- 

150 

Vapour  from  5th  effect 

50 

-60 

165- 

200 
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Vapour  velocities  from  the  last  effect  going  to  the  condenser  may  be  higher  than  60  m/s 
(200  ft./s)on  condition  that  they  do  not  exceed  75  m/s  (250  ft./s)  and  that  all  precautions 
are  taken  against  risks  of  entrainment. 

Once  these  velocities  have  been  chosen,  the  calculation  is  carried  out  as  follows: 

(a)  Take  the  vapour  output  by  weight  to  be  allowed  for,  say  P.  Increase  this  by  10%  so 
as  to  allow  for  possible  variations:  say  P' . 

(b)  Take  from  the  table  for  saturated  steam  (Table  41.1,  p.  1034)  the  specific  weight  d  cor- 
responding to  the  vapour  temperature.  From  this  calculate  the  volume  of  vapour  to  be  passed 
per  hour,  say  Q.  Hence  the  volume  per  second,  say  q. 

(c)  From  the  velocity  V  which  has  been  fixed,  the  cross-section  S  of  the  pipe  is  calculated. 
Hence  its  minimum  diameter  D,  which  in  rounding  off  to  the  nearest  even  size  is  naturally 
chosen  on  the  large  side. 

Example.  To  calculate  the  vapour  pipe  from  the  body  of  the  first  vessel  to  the  calandria 
of  the  second.  Given: 

Weight  of  vapour  to  be  supplied  to  the  second  vessel:  P  =  20,000  kg/h  (44,150  lb./h) 
Temperature  of  this  vapour:  ?    =  103°C  (217. 5°F) 

Vapour  velocity  chosen:  V  =  25  m/s  (82  ft./s) 

We  have: 

P'  =  1.1  p  =  22,000  kg/h  (48,550  Ib./h) 

The  specific  volume  at  103°Cis  1.515  mVkg  (24.2  cu.ft./Ib.).  The  volume  of  vapour  to 
be  handled  is  therefore: 

Q  =  22,000  X  1.515  =  33,330  mVh 

or: 

q  =  33,330/3,600  =  9.258  mVs  (327  cu. ft./s) 
To  obtain  a  velocity  of  25  m/s,  the  cross-section  required  will  be: 
S  =  7T.DV4  =  9258/250  =  37  dm2  (3.98  sq.ft.) 

Hence: 

-  D2  =  37  x  4/ir  =  47.15  dm2  (5  sq.ft.) 

and: 


D  =  V47.15  =  6.87  dm  (2.24  ft.) 
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We  shall  take: 

D  =  700  mm  (27.5  in.) 


CONDENSATES 

The  heat  transmitted  from  the  vapour  to  the  juice  across  the  tubular  calandria  corresponds 
to  the  latent  heat  of  vaporisation  of  the  steam.  All  the  steam  used  for  heating  is  therefore 
transformed  into  condensate  in  the  calandria.  Thus  it  is  necessary  to  evacuate  or  remove  a 
weight  of  such  condensate  equal  to  the  weight  of  steam  used. 

This  removal  of  condensate  is  effected  by  drains  placed  at  the  lower  part  of  the  calandria 
(Fig.  32.8).  These  drains  should  be  distributed  in  the  lower  tube  plate  so  as  to  provide  one 
drain  for  approximately  each  3  m2  (30  sq.ft.)  of  cross-section  of  the  vessel. 

The  internal  cross-section  of  these  drainage  pipes  should  be  designed  so  as  to  give  a  velocity 
of  flow  of  the  condensate  of  approximately  0.5  —  0.6  m/s  (2  ft./s).  In  the  pipe  T  which  is 
connected  to  the  drains  and  the  collecting  pipe,  this  velocity  could  be  increased  to  0.8  m/s 
(2.5  ft./s). 

The  drains  should  be  connected  to  the  calandria  at  a  by  a  small  cone  the  object  of  which 
is  to  increase  the  diameter  of  the  pipe  at  the  point  which  determines  the  flow  through  the 
drain. 

Extraction  of  condensates 

The  extraction  of  these  condensates  from  the  calandria  may  be  made  in  various  ways.  Accor- 
ding to  the  pressure  ruling  in  the  calandria  we  shall  distinguish: 


Method  of  extraction 

(a)  Calandrias  under  pressure  Steam  trap 

Steam  trap 

Pnmn 

(b)  Caiandrias  under  pressure  or  under  vacuum  g.  . 

Flash  vessel 


A.  Steam  trap.  When  the  calandria  is  under  a  pressure  above  atmospheric,  which  is  the 
general  case  for  the  first  vessel,  the  condensate  may  be  allowed  to  flow  out  by  gravity. 
However,  since  it  is  necessary  that  the  pipe  should  not  become  empty  and  allow  steam  to 
escape,  it  is  necessary  to  insert  a  device  for  separation  and  control,  known  as  a  "steam  trap". 

This  is  a  small  vessel  through  which  the  condensate  passes,  which  is  fitted  with  a  float  ac- 
tuating an  outlet  valve  which  does  not  open  until  the  water  attains  a  certain  level  in  the  vessel. 
When  the  water  is  flowing  continuously,  the  float  progressively  opens  the  valve  in  proportion 
as  the  water  level  rises,  and  reaches  a  position  of  equilibrium  corresponding  to  the  rate  of 
flow. 

Thermal  steam  traps  are  now  used,  functioning  by  the  action  of  the  very  slight  difference 
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in  temperature  between  the  condensate  entering  and  the  vessel  in  which  it  is  received  (Figs. 
32.9  and  32.10). 

B.  Condensate  pump.  With  the  aid  of  a  pump,  condensate  may  be  extracted  from  a  calan- 
dria  under  any  vacuum  provided  the  three  following  conditions  are  fulfilled: 

(7)  It  is  necessary  that  the  pump  should  be  capable  of  delivering  to  a  height  equal  to  the 
geometric  height  of  the  delivery  increased  by  the  difference  in  pressure  between  atmosphere 
and  the  calandria  concerned. 

(2)  Since  some  leakage  is  bound  to  occur  at  the  pump,  it  is  necessary  to  provide  it  with 
a  small  pressure-equalisation  pipe  putting  the  admission  valve  of  the  body  of  the  pump  in 
communication  with  the  top  of  the  calandria.  Otherwise  (a)  air,  entering  through  leaks  in  the 
pump,  would  be  entrained  with  the  water  in  the  suction  pipe  and  would  hinder  the  flow  of 
water  to  the  pump;  (b)  vapour  formed  in  the  pump  from  the  hot  water  would  accumulate 
and  form  a  vapour  lock. 


j   L 


Vapour 


Fig.  32.8.  Drainage  of  condensates. 


Fig.  32.9.  Vertical  steam  trap  with  float  (Gestra  Una  TR  II). 


518 


EVAPORATION 


Ch.  32 


O 

o 

3 
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Fig.  32.10.  Horizontal  thermal  steam  trap  (Gestra  TR  11). 


(3)  As  for  steam  traps,  it  is  necessary  to  provide  a  pump  three  or  four  times  greater  in 
capacity  than  would  seem  theoretically  necessary. 


Types  ofpump.  Centrifugal  pumps  are  now  the  only  type  used.  It  is  of  advantage  to  use 
pumps  specially  designed  for  working  with  suction  under  vacuum,  which  have  the  glands  in 
communication  with  the  delivery  side  of  the  pump.  This  avoids  or  reduces  entry  of  air,  which 
otherwise  would  inevitably  occur  at  these  points. 

Condensate  suction  pipes.  The  suction  pipes  taking  the  condensates  from  the  calandria  to 
the  pump  should  fulfil  the  following  conditions: 

(a)  They  should  be  as  short  as  possible,  to  avoid  retarding,  by  an  unnecessary  loss  of  heat, 
a  flow  which  is  already  difficult. 

(b)  For  the  same  reason  they  should  have  as  few  bends  as  possible.  Bends  which  cannot 
be  avoided  should  be  as  open  as  possible  and  of  the  highest  practicable  radius. 

(c)  They  should  have  as  few  joints  as  possible  to  reduce  risks  of  air  leakage. 
(cOThey  should  have  a  cross-section  corresponding  to  the  condition  already  indicated  (p. 

516:  Velocity  of  water  at  most  equal  to  0.8  m/s). 

(e)  The  horizontal  portions  of  the  pipes  should  drain  towards  the  pump. 

The  pressure-equalisation  pipes  should  fulfil  the  same  conditions  except  for  their  area, 
which  should  be  about  0.04  of  the  cross-section  of  the  suction  pipe.  That  is,  their  diameter 
should  be  about  one-fifth  of  the  diameter  of  the  water  pipe. 
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C.  Siphon.  The  two  methods  of  extraction  of  condensates  from  calandrias  under  vacuum, 
which  we  have  just  discussed,  do  not  permit  of  circulation  of  the  condensates  from  one  vessel 
to  another.  The  two  methods  which  we  will  now  discuss  have  on  the  contrary  the  object  of 
allowing  the  condensates  to  be  circulated  from  vessel  to  vessel. 

Flash.  This  circulation  offers  a  valuable  advantage  from  the  point  of  view  of  heat 
economy. 

If  we  extract  condensate  directly  from  each  vessel  it  takes  with  it  all  its  sensible  heat  con- 
tent. If  on  the  other  hand  we  arrange  that  the  water  may  be  passed  from  one  vessel  to  the 
following  calandria,  this  water,  which  in  the  preceding  calandria  is  at  the  maximum 
temperature  compatible  with  the  liquid  state  at  the  pressure  in  this  calandria,  will  then  pass 
suddenly  to  a  lower  pressure.  It  thus  produces  a  spontaneous  evaporation  or  "flash",  which 
takes  place  almost  explosively  by  reason  of  the  physical  incompatibility  of  the  conditions  of 
pressure  and  temperature.  The  quantity  of  water  evaporated  will  correspond  exactly  to  the 
quantity  of  heat  given  up. 

Thus  a  small  quantity  of  vapour  has  been  recovered,  which  will  then  join  with  the  vapour 
coming  from  the  juice  in  the  preceding  vessel  and  so  will  increase  the  available  heat  in  the 
next  calandria.  Further,  if  the  condensate  is  thus  circulated  from  one  calandria  to  the  next 
throughout  the  set,  the  quantities  will  increase,  so  increasing  the  amount  of  steam  available. 

Gain  due  to  circulation  of  condensates.  The  benefit  resulting  in  this  way  from  the  flash 
produced  by  circulation  of  condensates  from  calandria  to  calandria  is  given  by  the  calcula- 
tion on  p.  561,  for  a  quadruple  effect  without  vapour  bleeding.  The  evaporation  obtained 
from  unit  weight  of  steam  introduced  to  the  calandria  of  the  first  effect  is  given  in  Table  32.8. 

TABLE  32.8 

QUADRUPLE-EFFECT  GAIN  WITH  -CIRCULATION 


Evaporation  kg/kg  steam 


Without  circulation 

With  circulation 

Gain  % 

1st 

effect 

0.923 

0.923 

0 

2nd 

effect 

0.958 

0.972 

2 

3rd 

effect 

1.002 

1.047 

4.5 

4th 

effect 

1.040 

1.162 

11.2 

3.923 

4.104 

4.6 

Siphons.  The  difficulty  encountered  in  passing  condensate  from  one  calandria  into  the 
following  one  was  due  to  the  difference  in  pressure  between  these  two  enclosures. 

This  difficulty  has  been  overcome  by  connecting  the  two  calandrias  by  medium  of  a  U- 
tube,  or  "invert  siphon"  (Fig.  32.11).  In  a  way,  the  difference  existing  between  the  pressures 
in  the  two  calandrias  is  automatically  balanced  by  the  difference  in  level  //which  is  establish- 
ed between  the  two  columns  of  liquid  in  the  legs  of  the  U-tube. 
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Fig.  32.11.  Siphon. 


Length.  Theoretically,  if  there  is  0.3  kg/cm2  (4  p.s.i.)  difference  in  pressure  between  the 
two  calandrias,  a  siphon  will  be  required  with  a  length  of  about  3  m  (9  ft.). 
In  practice  it  is  necessary  to  allow  a  margin  of  safety  of  at  least  50%,  and  100%  if  possible: 

(a)  By  reason  of  fluctuations  in  the  pressures:  if  the  siphon  were  too  short,  even  by  a  very 
small  amount,  for  the  difference  in  pressure  existing  at  a  given  instant,  the  upstream  pressure 
would  push  the  liquid  level  past  the  bend  of  the  U,  and  the  siphon  would  fail  immediately. 

(b)  On  account  of  flash:  the  water  rising  in  the  second  branch  of  the  U,  as  soon  as  it  has 
passed  the  level  n'  (Fig.  32.11),  is  subject  to  a  pressure  lower  than  that  of  the  preceding 
vessel.  Since  it  has  just  condensed,  it  is  practically  at  the  temperature  of  ebullition  correspon- 
ding to  that  pressure.  It  will  therefore  begin  to  boil,  and  more  and  more  vigorously  as  it 
mounts  in  the  tube,  owing  to  decreasing  pressure.  Consequently,  it  is  not  a  column  of  water 
which  balances  the  difference  in  pressure  but  a  column  formed  of  a  mixture  of  water  and 
vapour,  of  density  much  lower  than  1. 

(This  statement  appears  unscientific  and  contrary  to  the  hydrostatic  law  relative  to  com- 
municating vessels.  It  is  obvious,  however,  that  this  law  is  not  applicable  when  bubbles 
predominate.  The  bubbles  will  finally  destroy  the  liquid  column.  To  convince  oneself  of  this 
it  is  only  necessary  to  compare  the  levels  of  juice  in  the  interior  of  an  evaporator  and  in  its 
gauge  glass  (cf.  p.  613),  "climbing-film  effect"). 

Diameter.  For  the  same  reason,  and  to  avoid  a  climbing-film  effect  in  the  rising  branch 
of  the  siphon,  it  is  necessary  to  use  a  large  diameter  for  this  branch. 

The  diameters  of  the  descending  and  ascending  branches  of  the  siphon  will  be  chosen  so 
that  the  velocity  of  flow  of  the  water,  assumed  to  be  free  of  vapour  bubbles,  will  not  exceed: 


Descending  branch:  1.2  m/s  (4  ft./s) 
Rising  branch:  0.6  m/s  (2  ft./s) 


CONDENSATES 


521 


If  these  maxima  are  observed,  a  margin  of  50%  in  the  length  of  the  siphon  will  be  suffi- 
cient. If  it  is  installed,  as  is  often  found,  of  the  same  diameter  for  both  branches,  correspon- 
ding to  a  velocity  of  I  — 1.5  m/s-  (3-5  Ft,/s).  it  will  be  necessary  to  increase  the  safety 
margin  to  100%,  and  there  will  still  be  numerous  causes  of  trouble.  Since  it  is  the  height  of 
the  siphon  which  generally  presents  difficulty  in  installation  and  support  of  the  siphon,  it  is 
of  great  advantage  to  choose  the  former  solution. 

D.  Flash  pots.  Siphons  are  economical  and  very  simple,  but  they  have  the  disadvantage 
of  requiring,  generally,  a  greater  height  than  thai  available  between  the  bottom  of  the  calan- 
drias  and  the  floor  level.  Multiple  effects  are  generally  located  on  the  first-floor  level,  that 
is,  at  a  height  of  4-4.5  m  (13  -  15  ft.)  above  ground  level,  and  the  bottom  of  the  calandrias 
is  situated  appreciably  lower. 

ii  is  preferable  to  install  flash  pots  or  expansion  vessels  (Fig.  32.12,  32.13).  These  are  clos- 
ed vessels  placed  below  the  evaporators,  in  which  flash  or  self-evaporation  lakes  place.  Each 
of  these  is  connected  to: 

(a)  The  previous  flash  pot,  which  delivers  to  it  condensate  which  has  already  undergone 
flash 

(b)  The  calandria  from  which  it  receives  condensates 

(c)  The  top  of  the  following  calandria,  which  fixes  the  pressure  in  the  flash  pot  and  to 
which  it  supplies  the  flash  vapour  proceeding  from  these  two  sources  of  condensate 

(d)  The  following  flash  pot,  to  which  it  delivers  its  condensates  in  turn. 


Fig.  32.12.  Flash  pots. 


(sO*  o0r>d^H  r  j  Fiuxh  Tank 

^  irj(+;tion  witer  j-t-i r  desuperheater  (|)  emergency  oCot>t  (5)  condensate  feed  and  flash  vapor  lines 
CD  boii  ir  feed  wat«r  ®  to  hot  water  con  ;      (§)  float  valves 


a     condensale  Ot  of  sugar  of 
evaporator  stages  ]  and  II 


b     conde  oa  eoj  evaporator  stages  ill  and  IV  as  well  as  of 
v3por-  a  ed  preheaters 


Fig.  32.13.  Condensate  flash  tank  (B.M.A.). 
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It  is  of  advantage  to  provide  these  flash  pots  with  sight  glasses  in  two  opposing  sides  of 
the  vessel,  which  permit  an  observer  to  see  what  is  happening  inside. 

The  siphon  between  the  calandria  and  the  flash  pot  may  be  omitted  if  a  float-operated 
regulating  device  is  inserted  in  the  line  to  regulate  the  flow. 

When  a  general  condensate  receiver  is  used,  Webre17  very  wisely  recommends  that  the 
various  condensate  pipes  should  descend  vertically  near  the  vessel,  and  enter  it  at  the  bottom 
by  means  of  a  T-piece  and  an  elbow,  provided  with  a  valve.  The  lower  end  of  the  T  will  then 
discharge  into  a  pipe  going  to  the  drain,  also  provided  with  a  valve.  Thus,  at  any  moment, 
the  condensate  from  any  vessel  may  be  separated  and  sent  to  the  drain  until  the  leak  detected 
can  be  attended  to. 

The  water  level  in  the  various  compartments  of  these  vessels  is  controlled  by  regulators: 
automatic  butterfly  valves  of  the  Maisoneilan,  Schumberger,  or  Camflex  type.  This  water  is 
evacuated  by  centrifugal  pumps.  If  the  vessels  are  just  below  the  evaporators,  they  may  be 
of  single-stage  type.  If  there  is  a  large  difference  in  level,  for  example,  evaporators  on  a  high 
stage  and  condensate  vessels  at  ground  level,  multistage  pumps  will  be  used  which  handle  a 
greater  range  of  pressure;  the  suction  should  always  be  positive  (net  positive  suction  head), 
but  can  be  smaller.  These  pumps  are  obviously  more  expensive.  Generally,  three  pumps  are 
used,  the  respective  roles  of  which  will  be  discussed  later  (p.  524). 

Control  of  condensates.  It  happens  at  times  that  a  leak  arises  in  a  tube  of  a  heater  or  of 
the  multiple  effects,  or  at  a  joint  in  a  tube  plate.  If  it  is  the  juice  which  is  under  the  lower 
pressure  (the  commonest  case): 

(a)  If  the  leak  occurs  in  the  upper  part  of  the  calandria,  the  vapour  will  pass  directly  from 
the  calandria  into  the  vapour  space  of  the  evaporator  vessel.  This  will  not  be  very  serious. 
In  certain  cases  this  leak  could  even  be  considered  as  a  supplementary  outlet  for  inconden- 
sable gases. 

(b)  If  the  leak  occurs  in  the  lower  part  of  the  calandria,  condensate  will  pass  into  the  juice, 
increasing  the  evaporation  work  required,  or  diluting  the  syrup. 

In  order  to  avoid  such  leaks,  which  are  difficult  to  detect,  it  is  necessary  to  test  the  calan- 
drias  frequently. 

If  it  is  the  vapour  which  is  at  a  lower  pressure  (this  is  generally  the  case  with  juice  heaters), 
the  juice  will  penetrate  into  the  steam  space,  and  will  become  mixed  with  the  condensate. 

In  the  same  way  abnormal  entrainment  will  introduce  juice  into  the  condensates. 

These  two  latter  cases  are  much  more  serious,  because  the  water  which  is  thus  polluted 
serves  as  boiler  feed. 

When  the  quantity  of  juice  introduced  into  the  condensates  in  this  way  is  appreciable,  it 
may  be  detected  by  a  characteristic  odour.  But  by  this  time  it  may  have  already  done  some 
damage.  It  is  also  advisable  to  test  the  condensates  frequently  and  promptly,  by  the  reaction 
with  a-naphthol.  As  soon  as  a  trace  of  the  characteristic  violet  ring  is  detected,  the  apparatus 
responsible  should  be  identified  and  isolated  and,  if  possible,  should  be  shut  down  im- 
mediately, or  else  the  condensate  from  it  should  be  sent  to  the  drain  until  the  leak  can  be 
repaired. 

Automatic  control.  A  sample  is  taken  continuously,  receives  the  required  quantity  of  a- 
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naphthol,  and  passes  through  a  colorimeter  which  sets  off  an  alarm  as  soon  as  a  violet  colour 
is  shown.  This  control  should  be  carried  out  on  the  condensates  as  well  as  on  the  hot  water 
going  to  the  cooling  tower,  since  entrainment  is  more  likely  to  occur  in  the  last  vessel  than 
in  the  preceding  ones. 

Composition  of  condensates 

Contrary  to  what  some  people  imagine,  the  condensates  from  evaporation  of  cane  juices  are 
not  pure  distilled  water.  Evaporation  indeed  consitutes  a  type  of  distillation  and,  with  the 
water,  there  distil  over  various  volatile  components  of  the  juice,  the  boiling  points  of  which 
are  in  the  neighbourhood  of  that  of  water,  or  lower.  Honig18  indicates  in  particular:  oxygen, 
CO2,  SO2,  NH3,  organic  acids,  aldehydes,  methyl  and  other  alcohols.  The  pH,  measured  at 
25°C,  varies  from  5.5  to  9. 

Temperature  of  condensates 

It  is  generally  assumed  that  the  condensates  leaving  a  calandria  are  at  the  temperature  of  the 
vapour  used  in  that  calandria.  Actually,  the  condensates  cool  down  slightly  in  running  along 
the  tubes,  and  their  temperature  may  be  given  approximately  by19: 


tc  =  temperature  of  the  condensates  leaving  the  calandria 

tv   =  temperature  of  the  vapour  used  for  heating  the  calandria 

t.   =  temperature  of  the  juice  in  the  vessel. 

Utilisation  of  the  various  condensates 

When  the  condensates  furnished  by  the  different  vessels  are  kept  separate  they  are  generally 
utilised  as  follows: 

Condensate  from  the  1st  vessel:     Boiler  feed 

Condensate  from  the  2nd  vessel:    Make-up  for  boiler  feed 


Condensates  from  live  or  exhaust  steam,  that  is,  those  coming  from  defecators,  from  pans, 
and  from  juice  heaters  working  on  exhaust  steam,  are  sent  with  the  condensates  from  the 
first  effect  to  a  feed-water  tank  supplying  under  a  positive  head  the  feed  pump  for  the  boilers. 

The  condensates  from  the  second  effect  are  sent  to  a  neighbouring  compartment  of  this 
tank  which  delivers  into  the  main  tank  by  a  float-operated  valve.  In  this  way,  one  sends  to 
the  boilers  only  the  proportion  of  second-effect  Condensate  which  is  strictly  necessary.  The 
excess  overflows  into  the  tank  containing  condensate  from  the  later  vessels. 

These  precautions  have  the  object  of  avoiding  as  far  as  possible  all  risk  of  introducing 
sugar  to  the  boilers  by  polluted  condensates,  and  are  based  on  the  following  considerations: 

(a)  The  boiler  water  describes  a  closed  cycle:  feed-water  tank  —  boilers  —  steam  -» 
engines  or  turbines  —  exhaust  main  —  calandrias  —  feed-water  tank.  It  should  therefore 


t   =  t    -  0.4  (/   -  t) 

C  V  v   V  ' 


(32.16) 


Condensate  from  later  vessels: 


v  Imbibition 

(  Washing  filter-cake,  dilution  of  molasses,  etc. 
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have  no  need  of  make-up  water.  But  there  are  losses  in  this  circuit:  steam  to  the  derrick, 
steam  used  for  cleaning,  traps,  leaks,  etc.  It  is  these  losses  which  make  it  necessary  to  make 
up  with  water  taken  from  outside  this  circuit. 

(b)  It  is  for  this  reason  that  recourse  is  had  to  condensates  from  the  second  vessel,  formed 
by  condensation  of  vapour  from  the  juice  of  the  first  vessel,  and  consequently  originating 
in  the  cane  itself,  and  not  from  the  piping  bringing  fresh  water  supply  to  the  factory. 

{c)  The  second  vessel  is  chosen  in  preference  to  the  later  ones  because  it  furnishes  water 
at  higher  temperatures,  and  especially  because  the  risk  of  entrainment  increases  from  the  first 
to  the  last  vessel. 

(d)On  the  other  hand,  the  second  vessel  should  normally  be  ample  to  furnish  all  the  make- 
up necessary.  If  a  thermo-compressor  is  fitted  to  the  first  effect,  it  will  be  sufficient  to  pro- 
duce the  make-up,  and  the  condensates  from  the  second  effect  may  be  used  elsewhere. 

Conclusion.  In  the  general  case  the  best  disposition  of  condensates  from  the  multiple  effect 
is  the  following: 

(a)  Profit  from  self-evaporation  by  installing  flash  pots. 

(b)  Take  the  condensates  from  the  first  effect  to  the  first  flash  pot  and  so  to  the  feed-water 
tank.  Their  temperature  is  then  slightly  below  that  indicated  by  the  pressure  gauge  of  the  se- 
cond effect.  Hence  less  escape  of  steam.  This  flash  pot  is  not  connected  to  the  second. 

(c)  Take  from  the  second  flash  pot,  if  necessary,  the  make-up  required  for  the  boiler  feed- 
water  tank. 

(d)  Circulate  all  the  other  condensates  from  one  pot  to  the  next. 

(e)  Extract  the  condensates  from  the  last  pot,  and  send  them  to  the  hot-water  tank. 

Thus  all  the  condensates  may  be  sent  to  a  single  tank,  with  several  compartments,  com- 
municating with  the  last  effect.  The  piping  is  simpler,  the  saving  in  heat  remains  the  same, 
but  the  last  vessel  itself  must  be  capable  of  absorbing  an  excess  of  vapour  which  is  not  negligi- 
ble. 


INCONDENSABLE  GASES 

In  setting  a  multiple  effect  in  operation,  it  is  necessary  to  raise  the  desired  vacuum  in  the 
various  vessels. 

On  the  other  hand,  in  normal  operation,  the  vapour  which  arrives  in  each  calandria  in- 
troduces with  it  air  and  foreign  gases.  These  originate  from: 

(a)  The  gases  dissolved  in  the  juice,  which  are  released  on  boiling.  With  beet  products,  am- 
monia is  given  off.  With  cane  it  is  mainly  air. 

(b)  Air  brought  in  by  the  exhaust  steam.  In  general  it  contains  very  little.  (This  air  is  in- 
troduced by  the  make-up  water  which  carries  air  in  solution). 

(c)  Air  which  enters  by  leaks  at  the  joints  of  the  calandrias  and  of  the  vessels  at  valves, 
sight  glasses,  etc.  This  is  by  far  the  largest  quantity. 

It  follows  that: 

(/)  These  foreign  gases  or  "incondensables"  consist  almost  entirely  of  air. 

(2)  The  quantity  of  these  incondensable  gases  is  very  small  for  the  vessels  heated  by  ex- 
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haust  steam  (air  (&)),  that  is,  in  the  multiple  effects  for  the  first  vessel,  but  much  more  impor- 
tant for  the  vessels  heated  by  vapour  from  juice  (air  (a))  such  as  the  second  vessel,  and  par- 
ticularly for  the  vessels  under  vacuum  (air  (a)  +  air  (c)). 

If  they  are  not  removed  as  quickly  as  they  enter,  these  gases  would  accumulate  in  the  calan- 
dria,  and  would  quickly  stop  all  evaporation;  in  a  matter  of  minutes  for  a  third  or  a  fourth 
effect,  for  example. 

A  small  proportion  of  air  is  sufficient  to  cause  the  vapour  temperature  in  the  calandria 
to  fall  below  that  of  the  juice  which  it  is  supposed  to  heat.  The  difference  between  these  two 
temperatures  is  actually  only  a  few  degrees.  Now  the  pressure  of  a  mixture  of  air  and  steam 
is  equal  to  the  sum  of  the  partial  pressures  of  the  air  and  the  steam;  and  the  temperature  of 
the  vapour  or  steam  is  that  corresponding  to  its  partial  pressure. 

The  partial  pressure  of  the  gases  being  proportional  to  the  relative  volume  which  they  oc- 
cupy, it  is  necessary  in  order  to  decrease  the  partial  pressure  of  the  air,  to  remove  the  gases 
as  quickly  and  as  completely  as  possible.  Hence  the  necessity  of  provision  for  removing  such 
gases  from  the  calandria.  Hence  the  equal  importance  of  a  good  distribution  of  the  gas-with- 
drawal pipes. 

Gas  withdrawal 

For  calandrias  heated  by  exhaust  steam,  such  as  that  of  the  first  effect,  and  those  of  vacuum 
pans,  the  steam  pressure  is  higher  than  atmospheric  pressure,  and  the  quantity  of  inconden- 
sable gas  is  also  very  small.  It  will  suffice  to  provide  a  very  small  pipe  leading  from  the  calan- 
dria, at  the  point  furthest  from  the  steam  entry  and  discharging  to  atmosphere. 

This  will  be  regulated  in  such  a  way  as  to  allow  a  small  wisp  of  steam  to  escape  continuous- 
ly (Fig.  32.14) 

For  calandrias  heated  by  vapour  from  the  juice,  it  will  be  necessary  to  install  several 
withdrawal  pipes,  at  a  certain  number  of  points  judiciously  chosen.  These  points  should  be 


r 
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Fig.  32,14.  Incondensable-gas  pipe  for  first  vessel. 


Fig.  32.15.  Withdrawal  of  incondensables. 
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located  in  the  places  which  are  most  difficult  for  the  vapour  to  reach,  and  where  it  is  ascer- 
tained or  supposed  that  air  pockets  will  form. 

Webre  and  Robinson20  indicate  a  simple  method  of  detecting  pockets  of  air  in  a  calandria: 
this  is  to  watch  through  the  sight  glasses  of  the  evaporator  vessel.  Active  zones  will  be  marked 
by  a  violent  ebullition,  since  the  tubes  situated  in  air  pockets  will  not  project  juice,  or  will 
project  it  only  slightly.  They  give  also  (ref.  20,  pp.  134-  139)  the  location  of  the  air  pockets 
according  to  the  method  of  circulation  of  the  vapour  in  the  calandria  and  the  arrangement 
of  the  latter. 

Since  air  is  heavier  than  steam,  it  may  accumulate  at  the  bottom  of  the  calandria.  Tests 
have  in  fact  shown21  that  the  proportion  of  incondensable  gases  was  greater  at  the  lower  part 
of  the  calandria.  To  avoid  this,  some  of  the  gas-withdrawal  pipes,  which  are  generally  con- 
nected to  the  top  tube  plate,  are  prolonged  inside  the  calandria  to  about  10  cm  (4  in.)  above 
the  bottom  tube  plate.  The  margin  of  10  cm  has  the  object  of  preventing  condensate  from 
being  sucked  into  the  tube  when,  for  any  reason,  the  condensate  does  not  drain  away  readily 
(Fig.  32.15). 

Since  these  tubes  may  corrode,  and  since  inspection  and  replacement  of  them  is  difficult, 
the  present  trend  is  to  replace  them  by  cocks  simply  attached  to  the  exterior  of  the  calandria, 
at  positions  furthest  from  the  vapour  entry. 

To  extract  the  air,  a  pressure  difference  is  necessary.  In  vessels  which  are  under  vacuum, 
the  gas  pipes  must  therefore  discharge  into  the  vapour  space  of  the  vessel,  and  are  passed 
to  the  exterior  of  the  vessel,  so  that  a  regulating  valve  can  be  placed  on  the  line  and  located 
handy  to  the  operator  (Fig.  32.16). 


T2 


Fig.  32.16.  Incondensable-gas  pipe  for  vessel  under  vacuum. 

Certain  manufacturers  take  the  gas  pipes  from  all  vessels  directly  to  the  condenser.  This 
system  has  the  disadvantages  of: 

(/)  Rendering  regulation  more  delicate,  by  increasing  the  pressure  drop  actuating  flow  of 
the  gases  for  the  first  vessels,  which  have  least  need  of  it 
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(2)  Losing  completely  the  small  excess  of  vapour  which  is  necessarily  allowed  to  escape 
with  the  gases. 

However,  it  avoids  the  disadvantage  of  accumulating  the  incondensable  gases  all  the  way 
from  the  second  to  the  last  effect. 


Dimensions  of  gas  pipes.  It  must  not  be  forgotten  that  the  incondensable-gas  pipes  must 
remove  quantities  of  air  which,  in  the  general  case,  increase  from  vessel  to  vessel. 

For  a  quadruple  of  about  1,000  m2  (10,800  sq.ft.)  heating  surface  with  the  first  vessel 
evacuating  to  the  atmosphere,  and  the  later  ones  from  calandria  to  vapour  space,  Claassen22 
recommends  the  following  diameters  for  incondensable-gas  pipes: 

1st  vessel:  10       mm  (3  in.)  (to  atmosphere) 

2nd  vessel:  13-20  mm  (3-3  in.) 

3rd  vessel:  20-25  mm  (1-1  in.) 

4th  vessel:  28        mm  (1  ^  in.) 


These  pipes  obviously  should  be  provided  with  valves  which  can  be  conveniently  regulated. 

Settings  of  valves.  Air  and  corrosive  gases  should  never  be  allowed  to  accumulate  in  the 
calandrias.  Since  there  is  little  disadvantage  in  short-circuiting  a  few  pounds  of  vapour  from 
one  vessel  to  the  next,  it  is  preferable  to  leave  the  gas  valves  a  little  too  wide  open  rather  than 
not  enough.  As  these  are  generally  valves  with  handwheels,  their  opening  is  generally  express- 
ed in  number  of  turns  of  the  handwheel.  Overlooking  the  case  of  the  first  vessel  which  is 
regulated  independently  and  easily  seen,  it  is  generally  found  that  valve  openings  varying 
from  about  half  a  turn  at  the  second  vessel  to  2  or  3  turns  for  the  last  are  satisfactory. 

Smith23,  in  Hawaii,  gives  an  interesting  method  of  arriving  at  a  good  setting  for  these 
valves.  Two  thermometers  are  placed,  one  (Tj)  on  the  calandria,  the  other  (72)  on  the 
incondensable-gas  pipe  which  leads  from  it,  between  the  calandria  and  the  valve  (Fig.  32.16). 
If  necessary,  7\  could  be  replaced  by  the  thermometer  in  the  vapour  space  of  the  preceding 
vessel.  By  reason  of  what  we  have  said  above  (p.  526)  on  the  partial  pressures  and  the 
temperature  of  the  mixture  of  air  and  vapour,  it  will  be  seen  that  since  all  the  air  passes  the 
thermometer  72,  this  thermometer  will  indicate  a  temperature  lower  than  that  given  by  7A 
If  the  valve  is  opened  wide,  a  higher  and  higher  proportion  of  vapour  will  pass,  and  the 
temperature  T2  will  approach  closer  and  closer  to  T\ .  However,  experience  shows  that  a  good 

24 

regulation  corresponds  to  a  difference  of  about  3°C  (5°F)  between  7\  and  T^.  Paturau  con- 
siders that  1.5°C  (3°F)  should  be  sufficient. 

The  same  procedure  may  be  employed  with  a  vacuum  pan,  but  Smith  indicates  in  this  case 
3-6°C  (5-10°F)  as  the  optimal  difference. 

According  to  Claassen25,  good  elimination  of  incondensables  requires  that  there  should  be 
withdrawn  with  them  a  volume  of  vapour  at  least  30  times  greater  than  that  of  the  inconden- 
sables  to  be  eliminated.  Honig    estimates  that  a  volume  50  times  greater  must  be  withdrawn. 
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Juice  feed 

There  are  several  methods  of  feeding  juice  to  the  successive  vessels: 

(1)  From  the  bottom  of  one  vessel  to  the  top  of  the  calandria  of  the  following  one 

(2)  From  bottom  to  bottom 

(3)  From  top  to  bottom  with  Chapman  circulation 

(4)  By  lateral  or  annular  downtake 

(5)  From  bottom  to  bottom  with  level  regulator. 

(1)  From  bottom  of  one  vessel  to  top  of  the  following.  This  system  is  now  of  historical 
interest  only,  as  it  has  been  completely  abandoned.  It  had  the  disadvantages  that: 

(a)  The  juice  was  introduced  above  the  tubes,  whereas  ebullition  requires  that  it  should 
rise  in  the  tubes. 

(b)  Part  of  the  juice  arriving  could  descend  by  the  centre  well  and  pass  close  to  the  juice 
outlet  leading  to  the  following  vessel,  without  traversing  the  tubes. 

Now  the  heat-transfer  coefficient  depends  on  the  brix  of  the  juice,  and  decreases  as  the 
brix  increases.  It  is  therefore  desirable  that  the  average  brix  of  the  juice  in  the  vessel  should 
be  as  low  as  possible.  This  is  the  case  when  the  average  brix  is  equal  to  the  mean  between 
the  brix  of  the  juice  entering  and  the  brix  of  the  juice  leaving.  Now,  if  the  juice  tends  to  short- 
circuit  the  tubes  and  pass  directly  through  the  vessel,  the  portion  of  the  juice  in  the  vessel 
which  boils  in  the  tubes  will  become  concentrated  to  a  brix  higher  than  that  of  the  juice  leav- 
ing, and  this  vessel  will  then  function  under  unfavourable  conditions. 

(2)  From  bottom  to  bottom.  In  this  system  (Fig.  32.17)  the  juice  pipe  is  straight  and  short 
and  enters  the  bottom  of  the  evaporator  vessel;  the  juice  is  distributed  by  various  methods, 
for  example,  a  conical  flange,  or  a  ring  pipe  with  holes  or  slots,  which  direct  the  juice  towards 
the  tubes  on  the  periphery. 

The  juice  is  thus  forced  by  the  pressure,  and  particularly  by  the  flash  of  the  juice,  towards 


Fig.  32.17.  Juice  circulation  from  bottom  to  bottom. 
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the  tubes  and  in  the  direction  opposite  to  that  of  the  juice  outlet.  Normally  it  should  then 
rise  at  least  once  through  the  tubes,  before  descending  again  by  the  centre  well. 

Dimensions  ofjuice pipes.  It  is  the  difference  in  pressure  which  maintains  the  flow  of  the 
juice  from  one  vessel  to  the  next.  In  order  to  avoid  inclusion  of  vapour  bubbles  with  the  juice 
as  far  as  possible,  the  juice  outlet  pipe  is  connected  to  a  small  sump  in  the  middle  of  the  bot- 
tom plate  of  the  vessel  and  thus  situated  under  the  centre  well.  The  cross-section  of  the  con- 
necting pipe  will  be  chosen  so  that  the  juice  velocity,  assumed  free  of  vapour  bubbles,  does 
not  exceed: 


Triple  effect: 
Quadruple  effect: 
Quintuple  effect: 
Sextuple  effect: 


1.5  m/s  (5  ft./s) 

1.2  m/s  (4  ft./s) 

0.9  m/s  (3  ft./s) 

0.75  m/s  (2.5  ft./s) 


The  connecting  and  regulating  valve  should  be  as  close  as  possible  to  the  following  vessel. 

The  connection  may  be  made  by  means  of  an  inverted  siphon,  but  even  in  this  case  it  is 
still  necessary  to  provide  a  regulating  valve  at  some  part  of  the  pipe.  It  may  be  sufficient  to 
take  these  siphons  down  only  4  m  (13  ft.)  below  the  calandria  (for  a  quadruple  effect),  but 
it  is  safer  to  make  them  longer,  if  possible,  as  much  as  6  m  (20  ft.)  (cf.  p.  519).  In  the  case 
of  Chapman  circulation  (see  below),  the  height  of  the  siphon  may  be  reckoned  from  the  up- 
per tube  plate. 


Fig.  32.18.  Chapman  circulation. 
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(3)  Chapman  circulation.  This  system  (Fig.  32.18)  consists  simply  of  closing  off  the  lower 
opening  of  the  centre  well  by  a  funnel  which  forms  the  outlet  point  for  the  juice  passing  to 
the  following  vessel.  Thus  the  only  juice  which  leaves  this  vessel  is  that  which  flows  down 
into  the  centre  well.  Consequently,  if  it  is  arranged  that  the  entering  juice  is  directed  towards 
the  bottom  of  the  tubes  near  the  periphery  of  the  calandria,  there  is  a  good  chance  that  it 
will  pass  several  times  through  the  tubes  before  reaching  the  centre  well.. 

This  system  has  given  excellent  results.  Webre27  reports  that  it  has  given  gains  in  capacity 


Fig.  32.19.  Lateral  outlet.  Circular  outlet. 


Vapour  inlet 


Fig.  32.20.  Calandria  with  lateral  outlet. 
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of  the  order  of  25-50%,  though  these  figures  are  much  higher  than  those  experienced  by 
the  author.  The  system  necessitates  only  very  slight  modifications,  which  are  readily  made. 

(4)  Lateral  or  annular  downtake.  Some  manufacturers  have  adopted  the  same  principle, 
but  place  the  downtake  for  the  concentrated  juice  not  in  the  centre  but  at  the  periphery  of 
the  calandria.  The  downtake  may  be  circular  (Fig.  32.19)  or  triangular  (Fig.  32.20).  In  the 
latter  case  it  takes  the  form  of  a  sector  of  the  circle  of  the  calandria,  but  with  a  width  only 
half  or  two-thirds  of  the  radius  of  the  calandria.  This  lateral  downtake  presents  the  advan- 
tage that  the  juice,  if  distributed  at  the  bottom  on  the  side  opposite  the  downtake,  has  a  large 
number  of  tubes  to  traverse  before  reaching  the  downtake. 

Other  manufacturers,  of  which  Fives  Cail-  Babcock  is  one,  prefer  an  annular  downtake 
(Fig.  32.21).  The  vessel  is  then  made  in  two  parts:  the  catandria  of  diameter  D,  and  the  shell, 
of  diameter  D  +  2e  (e  being  the  width  of  the  annular  downtake).  The  downtake  thus  consists 
of  the  annular  space  between  calandria  and  shell.  The  steam  is  admitted  from  above  in  the 
centre  of  the  calandria;  the  juice  has  to  pass  through  the  tubes  between  the  steam  inlet  and 
the  downtake  before  entering  the  latter.  Control  of  the  rate  of  flow  is  achieved  by  means  of 


Vapour  outlet 


Fig.  32.21.  Vessel  with  annular  outlet. 
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a  level  regulator,  which  maintains  the  juice  level  close  to  the  mid-height  of  the  downtake, 
the  control  acting  on  the  amount  fed  into  the  vessel.  This  system  has  the  advantage  of  main- 
taining a  high  flow  of  juice  into  the  annular  downtake  and  assures  a  certain  flexibility  in  the 
regulation  of  the  juice  level.  The  control  becomes  to  some  extent  automatic  by  adapting  the 
gushing  of  juice  from  the  tubes  according  to  the  juice  flow.  This  is  an  advantage  common 
to  the  Chapman  system  and  the  downtake  systems.  The  regulator  is  of  torsion-tube  and 
integral-action  type,  functioning  by  reducing  the  flow  of  juice:  for  example,  Maisoneilan, 
Camflex  or  Minitork  models. 

(5)  By  juice-level  regulator.  Originally,  the  valves  on  the  connecting  juice  pipes  between 
effects  were  regulated  by  an  attendant  who  maintained  the  desired  levels  in  the  various 
vessels.  He  is  now  relieved  of  this  duty  by  placing  this  valve  under  the  control  of  a  juice-level 
regulator  (Figs.  32.22  and  32.23). 

It  is  indeed  important  to  maintain  the  juice  level  at  its  optimal  value,  as  the  efficiency  of 
the  evaporator  falls  rapidly  below  or  above  that  value.  Now  the  operator  is  not  capable  of 
keeping  the  level  within  such  narrow  limits  as  does  the  automatic  regulator,  which  keeps  the 
level  practically  constant;  and  this  control  renders  the  presence  of  the  attendant  unnecessary. 

If  the  valve  on  the  pipe  leading  from  one  vessel  to  the  following  one  is  of  a  type  which 
does  not  open  fully,  it  should  be  placed  at  the  lowest  point  of  the  pipe,  as  it  is  the  valve  that 
causes  the  major  part  of  the  loss  of  head:  it  will  thus  act  where  the  difference  of  pressure 
is  the  maximum  possible:  generally  25  -  36%  for  vessels  with  central  downtake. 

Juice  level 

We  have  just  been  discussing  the  value  of  maintaining  an  optimum  level  for  the  juice  in  the 
evaporator  vessels.  What  is  this  optimum  level? 

If  the  juice  level  is  too  low,  the  boiling  juice  cannot  reach  the  top  of  the  tubes.  There  will 
then  be  no  circulation  of  juice  in  the  calandria.  If  the  level  is  too  high,  the  tubes  will  be 
drowned  or  fully  submerged:  there  will  then  be  no  climbing  film. 

Experiments  by  Kerr  have  given  a  graph  (Fig.  32.24)  giving  the  change  in  evaporation  rate 
or  in  coefficient  of  heat  transfer  as  a  function  of  the  hydrostatic  level  of  the  juice  in  the  calan- 
dria. This  graph  gives  a  very  definite  maximum  at  the  point  where  the  juice  level  reaches  35% 
of  the  length  of  the  tube,  measured  from  the  bottom.  It  may  be  considered  that  heat 
transmission  is  at  a  maximum  for  juice  levels  between  30  and  40%  of  the  height  of  the  tube. 

It  is  often  stated  simply  that  the  optimum  level  to  be  maintained  corresponds  to  one-third 
of  the  height  of  the  tubes;  in  general,  25  —  36%  for  vessels  with  central  downtake. 

Influence  of  length  of  tubes.  However,  this  graph  applies  only  for  the  old  types  of 
evaporator,  for  which  it  was  established.  With  modern  vessels  with  long  tubes,  approaching 
the  Kestner  type  of  evaporator,  this  optimum  tends  to  decrease,  and  drops  to  15-20%  in 
the  Kestner  with  very  long  tubes  (7  m). 

Influence  of  tube  diameter.  Hausbrand  and  Hirsch28  have  observed  that  the  optimum  level 
depends  on  the  diameter  of  the  calandria  tubes.  For  tubes  of  small  diameter,  it  will  be  lower 
(for  example,  25%)  than  for  tubes  of  larger  diameter  (for  example,  30%),  on  account  of  the 
greater  chance  of  formation  of  slugs  of  vapour  in  the  small  tubes. 
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Fig.  32.23.  Juice-level  control  (Fives  Catl  -  Babcock), 
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Fig.  32.24.  Variation  of  heat-transfer  coefficient  as  a  function  of  juice  level  in  the  calandria. 

Influence  of  position  in  the  set.  In  Formosa29  it  has  been  ascertained  that  the  optimum 
level  is  as  follows: 

40%  for  the  1st  vessel 
25%  for  the  2nd  vessel 
20%  for  3rd  and  4th  vessels 

Influence  of  scale.  The  optimal  level  is  lower  in  a  vessel  with  clean  tubes.  As  the  tubes  ac- 
cumulate scale,  it  is  advisable  to  raise  the  level,  for  example,  from  15  to  25%  or  from  20 
to  30%  of  the  tube  length,  during  the  course  of  the  week. 

Thus  the  optimum  level  varies  between  15  and  40%  of  the  height  of  the  tubes.  The  true 
criterion  which  should  guide  the  operator  is  the  ebullition  of  the  juice  in  the  interior  of  the 
vessel.  The  operator  will  know  that  he  is  in  the  neighbourhood  of  the  optimum  level  when 
he  sees  the  juice  spouting  from  the  tubes,  over  the  whole  surface  of  the  tube  plate,  and  wet- 
ting it  without  submerging  it.  It  should  fall  around  each  tube  and  immediately  descend  in 
some  of  the  neighbouring  tubes,  which  throw  it  up  afresh. 

Control  of  brix  of  syrup 

For  proper  operation  of  the  pans  and  good  exhaustion  of  the  molasses,  it  is  important  to 
have  a  syrup  of  uniform  and  constant  brix.  Otherwise,  the  sugar  boilers  will  become  confused 
and  the  settings  of  automatic  pan  controllers  will  have  to  be  altered  very  frequently. 

There  are  some  excellent  types  of  control  equipment  available  (Fig.  32.25)  for  ensuring  a 
uniform  brix  of  syrup.  The  control  is  obtained  by  recycling,  or  on  the  other  hand  short- 
circuiting  of  syrup  between  the  last  two  effects.  It  presupposes  an  evaporator  set  of  capacity 
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somewhat  greater  than  strictly  necessary,  otherwise  the  crushing  rate  of  the  factory  would 
be  somewhat  decreased,  or  the  brix  of  syrup  would  fall  below  the  set  value. 

Such  a  controller  is  generally  an  indicator  -  controller  of  brix,  actuated  by  the  differential 
pressure  registered  between  the  bottom  and  top  of  a  column  of  syrup  about  3  rrs  (10  ft.)  in 
height,  and  converting  the  variation  in  pressure  into  the  movement  of  a  butterfly  valve 
regulating  the  flow  of  juice  or  syrup. 

Removal  of  the  syrup.  The  syrup  is  extracted  from  the  last  vessel  by  a  pump. 

In  the  case  of  a  centrifugal  pump,  the  narrow  passages  of  the  rotors  are  liable  to  become 
blocked  by  deposits.  It  this  trouble  is  encountered,  a  useful  method  consists  of  installing  the 
syrup  pump  and  the  condensate  pump  in  such  a  way  that  they  can  be  interchanged  by  the 
simple  operation  of  valves.  By  alternating  the  pumps,  the  deposit  formed  while  pumping 


Fig.  32.25.  Cabinet  for  brix  uric  evaporator  control  (Rabcock  Atlantique). 
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syrups  is  removed.  This  system  obviously  cannot  be  used  when  these  condensates  are  being 
used  as  boiler  feed-water. 


Fig.  32.28.  Centrifugal-type  separator. 


Fig.  32.29.  S.G.C.  entrainment  separator. 


538 


EVAPORATION 


Ch.  32 


ENTRAINMENT 


During  evaporation,  the  ebullition  projects  into  the  vapour  space  of  the  vessel  fine  droplets 
of  juice,  some  of  which  are  actually  minute  bubbles  of  vapour  enclosed  in  a  film  of  juice, 
like  soap  bubbles.  These  droplets  thus  are  very  light,  and  the  current  of  vapour  will  easily 
entrain  them  and  carry  them  towards  the  following  vessel  or  towards  the  condenser. 

The  danger  of  entrainment  is  greater  as  the  vacuum  becomes  greater.  It  is  therefore  mainly 
in  the  last  vessel  that  entrainment  is  most  to  be  feared. 

The  risk  similarly  increases  very  rapidly  as  the  size  of  the  droplets  decreases.  When  they 
are  relatively  large,  a  slight  increase  in  the  height  of  the  vessel  is  sufficient  to  stop  them.  If 
they  occur  in  the  form  of  a  mist  or  fog,  it  is  much  more  difficult.  Thus  it  is  important  to 
avoid  as  far  as  possible  the  formation  of  this  mist. 

To  avoid  losses  by  entrainment,  it  is  indispensable  to  furnish  the  evaporator  vessels  with 
a  device  for  separating  the  drops  of  juice.  It  is  generally  placed  at  the  top  of  the  vessel,  and 
is  termed  a  "save-all",  or  "entrainment  separator".  It  is  based  on  the  same  principles  as 
analogous  apparatus  designed  for  removing  solid  or  liquid  particles  from  gases:  abrupt 
changes  of  velocity  or  of  direction,  centrifugal  force,  impact  on  a  wall  or  some  obstacle,  etc. 

We  show  in  Figs.  32.26  —  29  four  different  types  of  separators. 

In  the  umbrella  type  of  "save-all",  also  known  as  the  Heckmann,  the  proportions  recom- 
mended in  Queensland  by  Halpin30  are  as  follows: 


In  the  S.G.C.  entrainment  separator  of  Fives  Cail  —  Babcock  (Fig.  32.29),  the  diagram  cor- 
responds to  medium-sized  evaporator  vessels,  for  which  1  vapour  outlet  passage  is  sufficient. 
It  is  important,  for  efficient  separation,  that  the  passage  should  be  narrow.  Also,  for 
evaporator  bodies  of  more  than  2,500  m2  (27,000  sq.ft.),  2  concentric  vapour  passages  are 
provided,  side  by  side,  each  receiving  half  the  total  vapour.  The  two  passages  join  at  the 
outlet.  The  juice  or  syrup  recovered  by  such  separators  is  returned  to  the  vessel  by  small  pipes 
which  deliver  the  liquid  close  to  the  wall  of  the  vessel,  or  preferably  into  the  main  body  of 
liquid.  It  is  advisable  to  provide  two  or  three  such  pipes. 

Entrainment  separators 

On  account  of  the  vacuum,  the  most  serious  entrainments  are  those  produced  in  the  last 
vessel.  In  order  to  catch  these  before  they  reach  the  condenser,  an  entrainment  separator  is 
inserted  in  the  vapour  pipe  going  to  the  condenser.  This  is  generally  (Fig.  32.30)  a  cylindrical 
vessel  forming  a  simple  enlargement  of  the  vapour  pipe,  and  containing  grilles  formed  from 
tubes  of  copper  or  steel,  split  longitudinally  in  two,  placed  side  by  side  (Fig.  32.31)  and  ar- 
ranged vertically,  with  the  hollow  side  facing  the  vapour  stream.  These  tubes  are  about 
25  -40  mm  (1  -  \\  in.)  in  diameter,  and  are  separated  by  an  interval  equal  to  about  half  their 
width.  Hence  it  is  necessary  that  the  cross-section  of  the  "save-all"  should  be  at  least  three 
times  and  preferably  four  times  that  of  the  vapour  pipe  in  which  it  is  inserted.  The  entrained 
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d   =  0.29 

M  =  0.36 


R  =  0.036 
E  =  0.06 
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Fig.  32.30.  Entrainment  separator. 
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Elevation  Section 
Fig.  32.31.  Split  tubes  for  grilles. 


Fig.  32.32.  Arrangement  of  successive  grilles. 


Fig.  32.33.  "Ace  of  diamonds"  separator. 


droplets  strike  against  the  hollow  side  of  the  tubes,  adhere  to  them,  and  descend  the  length 
of  the  tube.  The  syrup  recovered  is  collected  at  the  bottom  of  the  vessel  and  drains  to  a 
recuperator  bottle. 

Since  one  such  grille  has  an  efficiency  much  lower  than  100%,  several  grilles  are  placed 
one  after  the  other,  giving  the  tubes  a  slight  inclination  of  several  degrees  from  the  vertical, 
alternating  to  the  left  and  to  the  right  with  successive  grilles  (Fig.  32.32),  so  that  they  slope 
in  opposite  directions.  At  least  four  grilles  are  necessary,  preferably  five. 

To  supplement  the  action  of  these  large  and  rather  cumbersome  entrainment  separators, 
an  additional  unit  is  often  added,  on  the  individual  vacuum  pipes  of  the  vacuum  pans  and, 
if  necessary,  of  the  multiple  effects.  This  separator  is  based  on  the  same  principle,  but  is 
relatively  flat  in  the  direction  of  the  pipe  length;  it  is  set  up  diagonally  or  as  an  "Ace  of 
diamonds"  (Fig.  32.33)  and  is  of  square  section,  with  tubes  inclined  to  the  right  and  left  at 
45°. 

Several  other  types  of  entrainment  separator  are  also  used. 


Mesh  eliminators.  It  is  possible  to  assist  the  entrainment  separators  and  to  reduce  their  task 
by  interposing  at  the  top  of  the  evaporator  vessel  a  "mattress",  10—  15  cm  (4-6  in.)  thick, 
formed  of  fine  threads  of  stainless  steel  knitted  or  felted  together,  somewhat  after  the  style 
of  a  Liebermann  cloth  (p.  759),  so  as  to  obtain  a  layer  of  the  desired  thickness.  This  mattress 
is  compressed  and  held  between  two  supporting  grilles  formed  of  hoop  iron  and  fixed  at  the 
edges.  It  catches  the  entrained  droplets,  which  accumulate,  join  together,  increase  in  size  and 
fall  back  into  the  evaporator  in  the  form  of  drops  of  sufficient  size  to  prevent  being  re- 
entrained. 

These  mesh  separators  would  have  an  efficiency31  of  approx.  85%.  They  involve  an  addi- 
tional pressure  drop  of  approx.  7  —  10  mm  (| —  I  in.)  of  water,  say  0.5  -0.8  mm  (0.02  —  0.03 
in.)  of  mercury,  which  is  thus  very  slight.  It  is  estimated  that  they  would  pay  for  themselves 
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in  three  years,  but  they  foul  up  dreadfully  in  a  single  season:  they  are  fragile  and  very  difficult 
to  clean  effectively.  It  is  essential  to  install  soda  and  acid  sprays  above  them  in  order  to  assure 
chemical  cleaning  which  will  be  frequent  and  as  effective  as  possible.  Otherwise,  they  quickly 
become  blocked  and  ineffective,  and  can  even  obstruct  the  operation  of  the  multiple  effects. 
The  suppliers  of  such  mesh  separators  are,  in  France,  Knit  and  Tissmetal,  and  Koch,  in  the 
U.S.A. 


Recovery  bottle.  The  syrup  recovered  in  the  entrainment  separator  is  passed  to  a  small 
chamber  fitted  with  sight  glasses,  so  that  one  can  see  the  liquid  flowing  into  its  interior.  This 
is  called  the  recuperator  bottle  or  recovery  bottle  (Fig.  32.34). 


Fig.  32.34.  Recovery  bottle. 


This  bottle  is  connected  to  the  last  vessel.  In  operating,  it  is  allowed  to  fill;  when  it  is  full, 
the  syrup  inlet  valve  Vi  is  closed,  the  valve  v3  connecting  to  the  vessel  is  opened,  also  the  vent 
cock  v2  communicating  with  the  atmosphere.  The  syrup  is  then  drawn  into  the  vessel.  Im- 
mediately valves  V2  and  V3  are  closed,  vi  is  reopened,  and  the  bottle  is  allowed  to  fill  again. 

This  method  has  the  serious  disadvantage  that  the  operators  frequently  forget  to  empty 
the  bottle.  Thus  the  syrup  recovered  is  lost,  as  if  the  separator  were  not  there. 

It  is  preferable  to  interpose  a  small  syphon  S  between  the  bottle  and  the  last  vessel,  and 
to  leave  Vi  and  v3  always  open;  or  the  valves  may  be  omitted.  The  syrup  will  then  flow  con- 
tinuously into  the  vessel  by  gravity. 

Since  the  pressure  drop  between  the  last  evaporator  vessel  and  the  entrainment  separator 
is  very  small,  a  very  short  syphon  will  be  sufficient,  of  about  90 —  120  cm  (3-4  ft.). 

Magnitude  of  entrainment 

Deerr32  estimates  that  losses  by  entrainment  may  attain  3%  of  the  juice  in  a  multiple  effect 
without  any  entrainment  separators,  and  that  they  can  be  reduced  to  less  than  0.1  %  if  these 
devices  are  properly  installed. 

Prinsen  Geerligs  cites  a  number  of  factories  where  undetermined  losses  had  been  high, 
and  where  several  improvements  in  the  entrainment  separators  allowed  these  losses  to  be 
reduced  in  %  of  sugar  in  cane: 

From:    3.59%     4.55%        2.45%        3.39%  3.12% 
To:        2.65%         2.65%         1.57%         1.17%  0.78% 

respectively. 
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Fig.  32.35.  Quadruple  effect,  H.l.W  design. 


Precautions  to  be  taken  against  en  train  men! 

The  best  methods  of  reducing  entrainment  are: 

(a)  Avoid  increasing  the  vacuum  to  an  unnecessarily  high  figure.  Be  content  with  60  -  65 
cm  (24  —  26  in.),  values,  which  moreover  offer  certain  advantages  from  other  points  of  view 
(c/pp.  506,610,  649). 

(b)  Arrange  the  juice  entry  at  the  bottom  of  the  vessel  and  not  above  the  upper  tube  plate, 
where  it  would  provoke  splashing,  and  might  even  break  up  the  juice  to  a  fine  mist. 

(c)  Avoid  forcing  the  multiple  effects  above  their  normal  capacity  (cf.  p.  508). 
(cf)  Avoid  allowing  the  juice  level  to  rise  appreciably  above  the  optimum  level. 

(e)  Provide  the  vessels  with  "save-al!s'"  and  the  vapour  pipe  with  an  efficient  entrainment 
separator. 

{f\  But  it  must  not  be  forgotten  that  the  best  save-all  is  a  high  vessel;  the  body  of  the  vessel 
should  have  above  the  upper  tube  plate,  at  least  twice  and  preferably  two  and  a  half  times 
the  height  of  the  latter. 


INVERSION  LOSSES 

When  the  juice  is  carried  to  a  high  temperature,  its  sugar  content  undergoes  decomposition 
by  inversion,  which  is  more  marked  at  high  temperatures  and  higher  acidity.  As  far  as 
temperature  is  concerned,  it  is  above  100°C  (212°F)  that  inversion  increases  rapidly;  it 
becomes  prohibitive  above  125  -  130°C  (260  -265°F).  Taking  the  rate  of  inversion  at  100°C 
as  100,  Honig34  gives  the  figures  of  Table  32.9. 
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TABLE  32.9 


TEMPERATURE  AND  INVERSION  RATE 


Temperature  Temperature  ,  , 

f°C)       (°fr)      Rate  of  inversion  (0q      (°F)       Rate  of  inversion 


120 

248 

523 

80 

176 

15.7 

110 

230 

257 

75 

167 

8.5 

107 

225 

200 

70 

158 

4.9 

105 

221 

167 

65 

149 

2.9 

100 

212 

100 

60 

140 

1.7 

98 

208 

85 

55 

131 

1.0 

96 

205 

72 

50 

122 

0.47 

94 

201 

60.5 

45 

115 

0.25 

92 

198 

50.6 

40 

104 

0.13 

90 

194 

41.5 

25 

77 

0.02 

85 

185 

24.5 

As  far  as  acidity  is  concerned,  inversion  increases  mainly  below  pH  =  6.5. 

In  Table  32.10  we  quote  the  table  of  Stadler  which  gives  the  quantities  of  sucrose  inverted 
at  common  temperatures  and  pH  values. 

Values  may  readily  be  extrapolated  from  this  table  by  remembering  that  columns  of  the 
same  decimal  of  pH  may  be  deduced  one  from  the  other  by  a  simple  displacement  of  the 
decimal  point  by  one  digit.  For  example,  at  100°C,  the  percentage  of  sucrose  inverted  per 
hour  will  be: 


at 

pH 

=  5.0, 

2.12% 

at  pH 

=  4.8, 

3.37% 

at 

pH 

=  6.0, 

0.21% 

at  pH 

=  5.8, 

0.34% 

at 

pH 

=  7.0, 

0.021% 

at  pH 

=  6.8, 

0.034% 

TABLE  32.10 

PERCENTAGE  OF  SUCROSE  INVERTED  PER  HOUR  (STADLER) 


pH 


Temperature 

ro  (°f) 

6.0 

6.2 

6.4 

6.6 

6.8 

7.0 

50 

122 

0.0010 

0.00063 

0.0004 

0.00025 

0.00016 

0.00010 

60 

140 

0.0035 

0.0022 

0.0014 

0.00088 

0.00056 

0.00035 

70 

158 

0.011 

0.007 

0.0044 

0.0026 

0.0018 

0.0011 

80 

176 

0.033 

0.021 

0.013 

0.0083 

0.0052 

0.0033 

85 

185 

0.053 

0.034 

0.022 

0.013 

0.0084 

0.0053 

90 

194 

0.089 

0.056 

0.035 

0.022 

0.014 

0.0089 

95 

203 

0.14 

0.088 

0.055 

0.035 

0.022 

0.014 

100 

212 

0.21 

0.13 

0.084 

0.053 

0.034 

0.021 

105 

221 

0.35 

0.22 

0.14 

0.088 

0.056 

0.035 

110 

230 

0.54 

0.34 

0.22 

0.14 

0.086 

0.054 

120 

249 

1.1 

0.70 

0.44 

0.28 

0.18 

0.11 

In  the  same  way,  for  a  pH  of  7.2,  the  figure  will  be  0.013,  since  for  pH  of  6.2,  it  is  0.13. 
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For  a  standard  quadruple  effect,  with  the  first  vessel  heated  by  steam  at  112°C  (234°F), 
Claassen    evaluates  losses  of  sucrose  by  inversion  at: 

1st  vessel:  0.020%  of  sucrose  in  juice 
2nd  vessel:  0.015%  of  sucrose  in  juice 
3rd  vessel:  0.010%  of  sucrose  in  juice 
4th  vessel:  0.005%  of  sucrose  in  juice 


0.050%  of  sucrose  in  juice 

or  approximately  0.007%  on  cane. 
Control  of  inversion  losses 

The  general  method  employed  in  the  sugar  factory  to  detect  inversion  losses  in  the  course 
of  evaporation  consists  of  following  the  glucose  ratio  of  the  juice.  This  term  means  the  ratio 
of  reducing  sugars  to  sucrose  (or  to  pol)  in  the  juice.  The  ratio  should  decrease  slightly  bet- 

3  6 

ween  clarified  juice  and  syrup.  Honig  estimates  the  normal  difference  at  about  4%  (3.12 
compared  with  3,  for  example).  If  this  quotient  increases,  or  remains  stationary,  it  is  pro- 
bable that  an  inversion  loss  is  occurring  during  the  evaporation.  This  must  then  be  attributed 
either  to  too  high  a  temperature  in  the  first  vessel,  or  to  too  long  a  time  in  the  vessel  (generally 
due  to  short-circuit  of  part  of  the  juice  from  entry  to  exit),  or  to  too  low  a  pH  value. 

The  normal  pH  drop  between  clear  juice  and  syrup,  according  to  Honig,  is  0.3,  and  should 
not  exceed  0.5.  For  example,  the  clarified  juice  may  be  at  6.9  and  the  syrup  at  6.5. 

Normal  inversion  losses  in  the  course  of  the  evaporation,  again  according  to  Honig,  should 
not  exceed  0.2°7o  of  sucrose  as  a  maximum. 

It  is,  moreover,  of  value  to  follow  the  glucose  ratio  throughout  the  manufacture.  It  must 
be  remembered,  indeed,  that  every  loss  of  glucose  shows  up  as  a  loss  of  sucrose,  since,  in 
the  molasses,  one  replaces  the  other  more  or  less  completely.  Roughly,  we  may  reckon  that 
four  parts  of  reducing  sugars  release  one  part  of  sucrose.  Now,  while  sucrose  is  destroyed 
at  high  temperature  and  low  pH,  glucose  is  destroyed  at  high  temperature  and  high  pH.  A 
compromise  must  accordingly  be  adopted  for  the  pH  value,  and  it  is  equally  desirable  to 
avoid  remaining  too  long  above  a  pH  of  8.5  as  to  avoid  going  below  pH  6.5,  particularly 
at  high  temperatures. 


HEAT  LOSSES 

As  in  juice  heaters,  utilisation  of  the  heat  supplied  in  the  steam  to  a  vessel  of  the  multiple 
effects  would  not  be  100%.  Part  of  the  heat  always  escapes,  by  radiation  and  convection, 
to  the  ambient  atmosphere. 

Tromp37  estimates  the  heat  loss  in  the  several  vessels  of  a  multiple  effect  of  which  the 
vessels  themselves  are  lagged,  but  not  the  interconnecting  pipes,  at  3  -  10%  of  the  heat  sup- 
plied to  the  vessel. 

Deerr38  estimates  the  loss  by  radiation  and  convection  in  the  case  of  a  quadruple,  at  ap- 
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proximately  40  kg  (90  lb.)  of  steam  per  tonne  of  cane.  Since  the  actual  loss  corresponds  only 
to  the  steam  supplied  to  the  first  vessel,  this  means: 

(/)  10  kg  (22  lb.)  steam/tonne  cane  if  the  quadruple  is  of  ample  capacity,  and  concentrates 
all  the  syrup  to  the  desired  degree 

(2)  40  kg  (90  lb.)  steam/tonne  cane  if  the  quadruple  is  of  insufficient  capacity,  because 
then  this  loss  will  decrease  with  the  concentration  of  the  syrup,  and  must  be  compensated 
fully  by  a  corresponding  consumption  of  steam  in  single  effect  in  the  vacuum  pans. 

Generally,  multiple  effects  are  lagged  with  wooden  slats  enclosing  the  cylindrical  parts  of 
the  vessels,  of  the  "save-all"  and  of  the  pipes.  The  bottom,  the  top  dome,  the  top  of  the 
"save-all"  and  the  bends  of  the  pipes  are  left  bare.  In  this  case,  one  may  estimate  the  losses 
at  5%  of  the  heat  exchanged  in  each  vessel. 

If  the  vessel  is  completely  lagged  with  an  insulation  in  the  form  of  a  powder  or  a  paste, 
the  loss  may  be  estimated  at  about  2%. 

Sandera  has  found  a  loss  of  83  kcal/m2/h  (30  B.T.U./sq.ft./h)  of  exposed  surface  of 
an  evaporator,  covered  with  an  insulating  layer  of  60  mm  (21  in.)  thickness,  for  a  temperature 
drop  of  52°C  (94°F)  between  the  vapour  from  the  juice  and  the  ambient  air.  This  represents 
a  loss  of  close  to  1.6  kcal/m2/°C/h  (0.33  B.T.U. /sq.ft. /°F/h). 

It  is  recommended39  that  all  surfaces  should  be  painted  with  aluminium  paint;  this  is  suffi- 
cient to  decrease  the  losses  by  10  —  20%,  whether  the  equipment  and  pipes  are  lagged  or  not. 
Anti-rust  aluminium  paint  is  available. 

TABLE  32.11 


HEAT  LOSSES  FROM  A  MULTIPLE  EFFECT  IN  PER  CENT  OF  STEAM  SUPPLIED  TO  1  ST  EFFECT 


Bare  vessels 

Partially  lagged 

Completely  lagged 

Double  effect 

1.06 

0.46 

0.26 

Triple  effect 

4.20 

2.07 

1.05 

Quadruple  effect 

9.80 

5.00 

2.70 

However,  what  is  interesting  is  to  estimate  the  loss  of  heat  in  relation  to  the  steam  supplied 
to  the  first  vessel.  Following  Webre40,  Kerr  gives  the  estimates  shown  in  Table  32.1 1  for  the 
loss  of  heat  suffered  by  a  multiple  effect,  expressed  in  per  cent  of  the  steam  supplied  to  the 
first  vessel. 

We  shall  retain  the  value  of  5%  for  a  quadruple  effect  partially  lagged,  or  2.7%  if  fully 
lagged. 

Influence  of  place  of  the  vessel  in  the  set 

We  may  assume  as  a  first  approximation  that  the  loss  of  heat  from  a  vessel  is  proportional 
to  the  difference  in  temperature  between  the  vessel  and  the  ambient  air.  In  a  multiple  effect, 
the  loss  of  heat  will  therefore  be  greater  for  the  first  vessel  than  for  the  second,  for  the  second 
than  for  the  third,  and  so  on. 

On  the  other  hand,  a  loss  of  heat  in  the  first  vessel  decreases  the  evaporation  in  the  second 
(since  it  is  the  vapour  which  comes  from  the  first  which  heats  the  second),  then  in  the  third, 
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and  so  on.  In  other  words,  the  heat  losses  suffered  by  the  first  vessel,  between  the  vapour 
space  and  the  following  calandria,  affect  the  second  vessel  and  have  their  repercussions  on 
the  following  vessels.  They  are  then  multiplied  by  (n  -  1),  n  being  the  number  of  effects. 
The  losses  of  the  second  vessel  are  multiplied  by  (n  -  2),  and  so  on.  The  losses  from  the 
last  vessel  are  of  no  consequence,  since  its  vapour  goes  to  the  condenser.  We  shall  take  for 
example  a  quadruple  with  temperatures  as  follows: 


Difference  in  temperature 
above  ambient  air  of30°C 
(86°F) 


Exhaust  steam  = 

112°C 

(234°F) 

Vapour  from  1st  vessel  = 

104°C 

(219°F) 

74°C  (133°F) 

Vapour  from  2nd  vessel  = 

94°C 

(201  °F> 

64°C  (]15°F) 

Vapour  from  3rd  vessel  = 

80°C 

(176°F) 

50°C  (  90°F) 

Vapour  from  4th  vessel  = 

55°C 

(131°F) 

25  °C  (  45  °F) 

The  heat  losses  from  the  first  vessel  will  therefore  be  1.5  times  as  much  as  for  the  third 
if  they  are  of  equal  surface  and  of  comparable  insulation. 

On  the  other  hand,  the  loss  from  the  first  vessel  has  its  effect  finally  three  times,  the  loss 
from  the  second  twice,  the  loss  from  the  third  once  only. 

The  losses  by  radiation  and  convection  in  each  vessel  will  have  approximately  the  following 
relative  importance: 

1st  vessel:  74  x  3  =  222,  or  close  to  9 
2nd  vessel:  64  x  2  =  128,  or  close  to  5 
3rd  vessel:  50  X  1  =  50,  or  close  to  2 
4th  vessel:  25  X  0  =      0,  or  close  to  0 

This  shows  immediately  to  what  extent  it  is  important  to  insulate  the  first  vessel,  and  to 
take  particular  care  with  this  insulation. 

Conversely,  one  could  well  dispense  with  lagging  for  the  last  vessel.  However,  for  aesthetic 
reasons,  it  is  given  the  same  exterior  covering  as  the  preceding  vessels,  but  of  minimal 
thickness. 


INCRUSTATIONS 

In  operation,  the  tubes  of  a  multiple  effect  become  fouled  in  two  ways: 

(1)  On  the  outside,  a  deposit  of  oil  carried  by  the  steam  is  formed 

(2)  Inside,  incrustations  or  scale  derived  from  the  juice  are  deposited. 

r  deposit  of  oil 

This  deposit,  originating  in  the  oil  entrained  with  the  exhaust  steam,  obviously  occurs  only 
in  the  first  vessel.  It  hardly  exists  except  in  the  case  of  factories  which  still  use  reciprocating 
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steam  engines,  particularly  if  these  are  lubricated  by  atomisation  of  oil  at  the  steam  entry. 
To  avoid  this  brownish  or  blackish  deposit  of  dirty  oil,  or  to  reduce  it  to  a  very  great  extent, 
it  is  of  great  advantage  to  interpose  an  oil  separator  in  the  path  of  the  steam  between  the 
exhaust  main  and  the  first  effect. 

This  deposit  is  detrimental  to  heat  transmission  in  the  vessel.  It  may  be  removed  during 
the  slack  season  by  introducing  into  the  calandria: 

(a)  A  very  dilute  acid,  for  example  HC1  of  0.25% 

(b)  Molasses  diluted  to  20°  brix41  which  is  left  to  ferment  slowly,  and  which  is  emptied 
out  drop  by  drop,  regulating  the  rate  so  that  emptying  the  calandria  takes  about  one  month 

(c)  Water  covered  with  a  layer  about  7  mm  (5  in.)  thick  of  kerosene,  which  again  will  be 
run  out  drop  by  drop  so  that  the  petrol  will  slowly  clean  the  full  height  of  the  tubes 

(d)  Turpentine:  the  calandria  is  half  filled  with  water42,  and  oil  of  turpentine  is  introduced 
so  as  to  obtain  a  layer  of  10  cm  (4  in.)  (or  in  the  ratio  of  2.0  kg  per  1,000  dm2  (40  lb.  per 
1,000  sq.ft.)  of  heating  surface);  the  liquid  level  is  then  made  to  rise  and  descend  10  or  15 
times  so  that  the  turpentine  scours  the  full  length  of  the  tubes 

(e)  Caustic  soda,  which  may  be  boiled  in  place  of  juice:  this  procedure  has  given  excellent 
results  in  India. 

(2)  Scale 

The  most  troublesome  deposit  is  formed  by  incrustations  inside  the  tube. 
Origin.  These  originate  from: 

(a)  Material  in  suspension  in  the  juice,  poorly  separated  by  a  defective  defecation  or  filtra- 
tion; these  materials  deposit  mainly  in  the  first  vessel 

(b)  Non-sugars  in  solution,  which  become  insoluble  as  the  juice  becomes  concentrated. 
These  deposits  form  mostly  in  the  later  vessels. 

Quantities.  We  may  reckon  on  an  average  of  200  -  800  g  of  scale  on  a  dry  basis  per  m2 
of  heating  surface,  say  approximately  500  g/m2,  or  10-50  g/t.c.  (0.1  lb/sq.ft.,  or  2-10 
lb./lOO  t.c). 

Distribution.  The  distribution  of  these  deposits  in  the  tubes  depends  mainly  on  the  speed 
of  circulation  or  the  state  of  agitation  of  the  liquid;  the  deposits  form  where  the  liquid  is  stag- 
nant and  where  the  speed  of  circulation  is  low. 

Composition.  Scales  consist  principally  of: 

(a)  Calcium  salts:  phosphate,  sulphate,  oxalate,  and  carbonate  of  calcium;  the  phosphates 
decrease  while  the  sulphates  increase  from  the  first  to  the  final  vessel43 

(b)  Metallic  oxides:  oxides  of  magnesium,  aluminium  and  iron 

(c)  Silica;  this  forms  the  greater  part  of  the  deposit  in  the  last  vessel. 

In  addition,  sulphites  are  found  in  factories  using  sulphitation.  They  may  amount  to  30% 
of  the  scale  when  the  acidity  of  the  juice  reduces  the  pH  below  6.7.  They  are  reduced  by  car- 
rying out  the  defecation  in  a  slightly  alkaline  medium  (pH  =  7.2),  and  by  preventing  the 
temperature  from  dropping  between  sulphitation  and  evaporation. 
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In  defecation  factories,  the  proportion  of  calcium  phosphate  may  in  turn  exceed  one-third. 

In  carbonatation  factories,  it  is  calcium  oxalate  which  predominates.  However,  it  is  always 
present,  although  oxalic  acid  is  not  found  in  the  juices;  Prinsen  Geerligs44  has  shown  that 
it  was  due  to  oxidation  of  glycollic  acid  in  the  juice  at  high  temperature. 

Sulphate  scales  are  the  hardest.  Silicious  scales  are  sometimes  porous:  these  are  softer,  but 
may  occur  as  hard  and  dense  scale. 

Thermal  conductivity.  Tests  made  in  Queensland45  have  given  as  mean  thermal  conductivi- 
ty for  scales  from  evaporator  vessels  a  value  of  0.45  kcal/mV°C/h/m  (0.3  B.T.U. /sq.ft./ 
°F/h/ft.). 

Distribution  of  scale.  Scales  are  much  thicker  at  the  lower  part  of  the  tubes,  where  the  juice 
is  relatively  stagnant,  than  at  the  top,  where  it  is  in  active  movement.  Further,  in  checking 
the  cleaning  of  a  vessel,  one  must  not  be  content  to  inspect  the  top  of  the  tubes;  it  is  necessary 
to  place  a  lamp  at  the  bottom  of  the  tube  and  to  inspect  the  tube  from  above.  This  will  give 
a  better  indication  of  the  condition  of  the  bottom  part  of  the  tube. 

Further,  one  should  not  trust  to  the  appearance  of  the  tube.  We  have  known  a  case  of  one 
factory  which  cleaned  the  multiple  effects  with  a  mechanical  cleaner.  The  tubes  were  polished 
and  brilliant,  but  the  evaporator  gave  very  poor  performance.  On  closer  investigation  it  was 
found  that  the  tubes  contained  an  inner  ring  of  very  hard  scale,  which  had  become  polished 
like  agate.  When  tubes  are  replaced,  it  is  advisable,  therefore,  occasionally  to  cut  a  tube  in 
two  longitudinally,  and  to  inspect  closely  this  section  of  the  tube. 

Relative  proportions  in  the  vessels.  Quillard46,  for  beet  factories,  estimates  that  scale 
reduces  the  heat  transmission  in  the  different  vessels  in  proportions  which  increase  with  their 
place  in  the  set.  To  take  this  into  account,  he  proposes  the  following  coefficients  of  increase, 
for  a  quadruple,  to  be  applied  to  the  respective  heating  surfaces  of  the  vessels: 


These  proportions  would  represent  equally  well  the  relative  importance  of  scale  in  the 
various  effects  for  the  cane  sugar  factory. 

In  Cuba  it  has  been  found  on  an  average  that  in  a  quadruple  effect,  the  amount  of  scale 
is  respectively  32,  14,  13,  and  41%  of  the  total  weight  of  scale  on  a  dry  basis. 

Influence  of  evaporation  rate.  Apart  from  avoiding  use  of  excess  lime  in  the  clarification, 
or  using  magnesia  to  replace  lime  (cf.  p.  429),  there  is  little  that  can  be  done  to  avoid  scale 
formation.  It  is  well  known,  however,  that  scale  is  deposited  all  the  more  rapidly  and  abun- 
dantly when  the  evaporation  rate  is  sluggish.  It  is  important  therefore  to  make  every  effort 
to  maintain  continuous  operation  and  a  high  evaporation  rate;  hence  the  advantage 
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sometimes  obtained  by  Kestner-type  evaporators  (cf.  p.  613).  For  the  same  reason,  it  is  ad- 
visable to  keep  to  the  minimum  the  volume  of  juice  in  transit  in  the  evaporator  (cf.  p.  533). 

Cleaning  of  evaporators 

Incrustations  form  rapidly  and  it  is  these  which  force  a  weekly  stop,  more  or  less  prolonged, 
for  cleaning  the  evaporators. 

Certain  factories,  where  the  clarification  is  very  good  and  the  multiple  effect  generously 
designed,  have  to  clean  only  once  in  fourteen  days.  We  know  a  case  of  one  factory  possessing 
a  Kestner  of  450  m2  (4,850  sq.ft.),  as  the  first  vessel  without  vapour  bleeding,  followed  by 
a  second  vessel  of  350  m3  (3,775  sq.ft.),  which  is  cleaned  only  in  the  slack  season.  This  is 
a  considerable  simplification  and  economy,  which  unfortunately  one  would  not  be  able  to 
guarantee  a  priori. 

Cleaning  is  effected  in  two  ways: 

(a)  Mechanically,  by  scrapers  or  rotary  cleaners 

(b)  By  chemical  means,  by  pumping  soda  and/or  acid. 

(a)  Mechanical  cleaning.  Mechanical  cleaning  is  effected  with  the  aid  of  electric  descalers. 
These  consist  of  a  small  frame  (Fig.  32.36)  carrying  an  electric  motor  which  may  be  plugged 
in  to  a  power  point  provided  close  to  the  evaporators.  This  motor  has  a  flexible  shaft  some 
6  m  (20  ft.)  in  length,  enclosed  in  a  protective  sheath,  and  terminating  in  a  tool  with  serrated 
rollers  (Fig.  32.37),  which  it  drives  at  high  speed.  These  rollers  are  loose  on  their  axes  so  that 
centrifugal  force  presses  them  against  the  wall  of  the  tube,  which  permits  a  given  tool  to  clean 
tubes  of  slightly  differing  diameters. 

Generally  two  passages  of  the  tool  are  sufficient,  from  top  to  bottom  and  from  bottom 
to  top,  for  each  tube.  If  the  tube  is  nearly  clean,  such  treatment  is  not  desirable,  as  it  would 
remove  some  of  the  metal  itself.  It  is  desirable  to  carry  out  the  cleaning  after  filling  the  vessel 
with  water  up  to  the  top  of  the  tubes. 


Fig.  32.36.  Meehanica  descalfr  (motor  and  flexible  shaft)  (Nordon). 
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Fig.  32.37.  Descaling  tools. 

It  is  possible  for  one  man  to  clean  about  50-  100  tubes,  of  the  usual  length  of  1.5-2  rn 
(5  —  7  ft.),  per  hour.  However,  in  the  case  of  hard  and  adherent  incrustations,  it  is  recom- 
mended that  the  tool  be  passed  up  and  down  the  tubes  at  a  speed  of  the  order  of  75  em/rain 
(30  in./min).  which  reduces  the  rate  to  about  12-  15  tubes/man/h. 

The  optimum  speed  of  rotation  of  the  tool  is  of  the  order  of  3,500-4,500  r.p.m.  for  nor- 
mal tube  diameters. 

Disadvantages.  Mechanical  cleaning  is  a  disagreeable  job,  and  expensive  in  manpower.  It 
wears  the  tubes,  small  particles  of  metal  being  detached  from  them. 

Voltage.  French  regulations  forbid  the  use  of  power  at  more  than  24  V  in  a  closed  metal 
vessel  where  men  are  working.  It  is  therefore  necessary  to  provide,  in  the  neighbourhood  of 
the  multiple  effects,  a  small  transformer  or  rotary  converter,  and  equipment  operating  at  low 
voltage. 

Descalers  operated  by  compressed  air  may  also  be  used;  these  require  a  relatively  powerful 
compressor,  but  function  very  well. 

(b)  Chemical  cleaning.  This  process  consists  of  boiling  a  solution  of  NaOH  or  of  HC1  in 
the  vessel.  The  methods  vary  greatly:  practically  always  soda  is  employed,  sometimes  soda 
and  acid  in  turn. 

Soda  dissolves  mainly  the  oxalates,  sulphates  and  the  silicates.  Hydrochloric  acid  dissolves 
especially  the  carbonates,  sulphites  and  the  phosphates. 

In  some  cases  soda  at  30  or  32°  Raume  is  employed.  In  India47,  the  strength  is  taken  up 
to  40°  Be.  Others46  use  it  at  27°  Be  ( =  50°  brix).  Others  go  as  low  as  8  or  9°  Be,  and  even  5°. 

For  HC1,  a  strength  of  2%  is  never  exceeded.  A  solution  of  1  % .  0.5%  or  0.25%  is  used. 

In  Java45  the  practice  was  to  boil  first  with  a  solution  of  2  -  5%  of  caustic  soda,  followed 
by  one  of  0.25%  of  HC1,  and  it  was  stated  that  more  concentrated  solutions  did  not  give  any 
better  results.  However,  in  Australia*0,  it  has  been  found  that  the  time  necessary  to  obtain 
a  satisfactory  result  depended  on  the  concentration:  one  hour  at  2%,  1|  hours  at  1.5%,  3 
hours  at  l°7o:  below  1%  the  action  became  very  weak. 

In  the  U.S.A.  (Delden),  soda  of  4%  concentration  (6°  Be)  is  generally  employed. 

Furthermore,  the  acid  strength  drops5 :  very  rapidly  when  boiling  with  HC1,  on  account 
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of  the  soda  remaining  in  the  scale,  and  the  consequent  reactions  (dropping  from  2.7  to  1.6%, 
for  example,  in  the  first  10  min);  and  it  is  recommended  to  commence  with  2.5%.  For  the 
same  reason  it  is  necessary  to  boil  carefully  with  water  after  the  treatment  with  soda  and  also 
after  treatment  with  acid.  If  the  tubes  are  of  brass,  action  on  the  metal  is  slight;  if  of  steel, 
it  will  be  considerable  and  in  both  cases  it  is  recommended  to  add  to  the  solution  5%  of 
molasses,  which  forms  an  excellent  inhibitor.  It  must  not  be  forgotten  that  the  commercial 
acid  contains  only  30%  of  HC1;  it  is  thus  sufficient  to  dilute  it  for  example  in  the  ratio  of 
250  1  to  3,000  1  (50  gal.  to  600  gal.)  with  water.  After  the  treatment,  the  scale  falls  of  its 
own  accord,  though  sometimes  it  is  necessary  to  assist  this  by  means  of  a  jet  of  water. 

The  HQ  could  be  replaced  by  "Versene",  diluted  to  3.5%;  the  results  would  be  quite 
good,  but  the  cost  of  the  material  and  of  its  regeneration  are  prohibitive. 

Fives  Lille -Cail  recommend  treatment  with  soda,  at  30-32°  Be,  for  three  hours,  and 
with  HC1  for  1  hour. 

Spengler    recommends  the  opposite  order: 

(1)  Passage  of  hydrochloric  acid  (1%  solution) 

(2)  Washing  with  water 

(3)  Passing  caustic  soda  (8%  solution). 

Sometimes  other  products  are  added.  In  Trinidad53  NaCl  is  added  in  the  ratio  of  10  g/i 
(1  lb./lO  gal.)  to  a  solution  of  soda  of  50°  brix  (27°  Be).  In  Louisiana54,  it  is  estimated  that 
the  best  cleaning  is  obtained  by  a  mixture  of  60-75%  of  NaOH  and  40-25%  of  Na2CO}. 
The  consumption  per  10  tonnes  of  cane  is  0.5-  1.0  kg  (1.2-2.2  lb.)  of  this  mixture,  and 
1.0-1.5  kg  (2.2-3.3  lb.)  of  HC1. 

Honig55  recommends  replacing  the  HC1  by  sulphamic  acid,  which  is  easier  to  handle,  less 
corrosive,  and  equally  effective. 

In  Reunion,  where  scales  are  not  generally  too  tenacious,  it  is  often  satisfactory  to  use  one 
treatment  with  soda,  and  the  annual  consumption  is  based  on  only  1.2-5  kg  (2.5  -  10  lb.)  per 
100  t.c. 

In  Cuba,  it  is  estimated  that  cleaning  with  soda  alone  is  much  superior  to  cleaning  with 
acid  followed  by  soda.  The  soda  should  then  be  of  30-40%,  at  a  temperature  of  120°C 
(248°F)  for  3  hours'  boiling.  They  advise  0.5  1/minof  circulation  of  the  solution  per  m2  (1 
gal./lOO  sq.ft.)  of  heating  surface,  and  a  total  volume  to  be  circulated  of  2  1/m2  (4  gal./lOO 
sq.ft.).  In  certain  factories,  the  distinction  is  made  according  to  the  place  of  the  vessel:  5% 
soda  in  the  first  vessel,  increased  progressively  to  20%  in  the  final  vessel. 

It  is  difficult  to  recommend  one  method  rather  than  another,  since  the  nature  of  the  scale 
varies  greatly  from  one  country  to  another.  It  is  advisable  to  try  different  methods  and  to 
proceed  cautiously.  In  the  case  where  silicates  in  the  last  vessel  are  found  particularly 
tenacious,  the  Louisiana  mixture  may  be  used,  that  is,  the  soda  is  replaced  by  a  mixture  of 
70%  soda  and  30%  sodium  carbonate. 

As  regards  the  time  of  treatment,  we  may  reckon  on  3-4  hours  for  the  treatment  with 
soda56  and  about  1  hour  for  the  acid  treatment.  With  the  rinsings  and  dead  time,  it  may  be 
necessary  to  be  satisfied  with  a  total  of  5  hours. 

It  is  preferable  to  carry  out  this  washing  by  means  of  a  spray,  and  not  as  a  bath,  in  order 
to  economise  on  solution.  It  is  then  distributed  by  a  perforated  pipe  (Fig.  32.38). 

Heating  is  effected  generally  by  the  calandria,  by  opening  the  steam  valve  slightly. 
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Fig.  32.38.  Washing  by  sprays. 


Tromp57  prefers  heating  by  a  special  coil,  and  recommends  closing  the  vacuum  valve  and  the 
valves  for  incondensable  gases,  and  releasing  through  the  top  of  the  vessel  the  gases  formed, 
in  order  to  avoid  any  corrosion  of  the  following  calandria.  He  also  advises  never  to  enter 
with  a  naked  lamp  a  vessel  where  acid  has  been  boiling,  since  it  may  form  explosive  gases37. 

After  rinsing  with  water,  steam  will  always  be  opened  into  the  calandria:  the  softer  scales 
are  then  dried,  cracked,  and  fall  off  in  the  last  vessel.  They  are  readily  removed  in  the  other 
three  vessels  by  brushing. 

Finally,  the  bottom  of  the  vessel  will  be  cleaned,  removing  the  loose  scale  which  has  fallen 
to  the  bottom. 

The  solutions  are  kept  in  tanks  (of  cast  iron  for  the  hydrochloric  acid).  The  soda  solution 
is  regenerated  by  adding  further  soda  to  bring  it  up  to  the  desired  concentration.  It  thus  can 
serve  about  a  dozen  times.  The  acid,  on  the  other  hand,  rapidly  loses  its  efficacy  and  general- 
ly serves  for  one  treatment  only.  Honig58  recommends  that  its  pH  be  controlled,  to  a  value 
below  3  before  use,  and  that  it  should  not  rise  above  5.5  in  the  course  of  the  cleaning.  He 
also  advises,  for  handling  this  solution,  that  piping  of  polyvinyl  chloride  should  be  used. 

Inhibitors.  The  addition  of  5%  of  molasses  to  the  acid  solution  used  reduces  the  loss  of 
metal  by  acid  attack  in  the  proportion  of  20  or  40  to  1  in  the  case  of  steel  tubes59.  With  brass 
tubes,  the  loss  by  corrosion  is  much  lower.  Some  factories  use  formalin,  in  the  ratio  of 
61/100  kg  (0.6  gal./ 100  lb.)  of  HC1. 

Prevention  of  scaling 

There  are  two  processes  which  have  the  object  of  avoiding  or  more  accurately  decreasing  the 
formation  of  scale.  These  are: 

(A)  "Ionisation"  apparatus 

(B)  Addition  products. 

(A)  Ionisation  apparatus.  These  are  two  in  number:  one  of  Belgian  fabrication,  the 
"C.E.P.I.";  the  other  of  English  manufacture,  the  "Superstat". 
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Both  of  these  consist  of  a  tube,  placed  in  the  limed-juice  pipe  passing  to  the  heaters,  and 
surrounded  for  example  by  a  solenoid  carrying  an  electric  current.  The  molecules  of  mineral 
salts  dissolved  in  the  juice  thus  become  "ionised",  and  would  tend  to  remain  in  suspension 
rather  than  depositing  on  the  heat-exchange  surfaces.  One  of  these  two  devices  produces  an 
electric  field,  the  other  a  magnetic  field. 

These  types  of  apparatus  do  not  seem  to  have  given  very  definite  results,  and  are  not  widely 
used.  It  was  recommended60  to  mount  them  in  a  vertical  position  and  to  clean  them  every 
year  with  a  5%  solution  of  HC1  to  remove  the  particles  of  iron  adhering  to  the  magnet,  the 
presence  of  which  would  reduce  the  efficiency  of  the  apparatus. 

(B)  Addition  products.  There  are  used: 

(a)  Tetraphosphoglucosate  of  lime.  This  would  avoid  a  large  proportion  of  the  deposits 
in  the  multiple  effects.  It  is  introduced  at  the  outlet  from  the  clarifier,  dissolved  in  water  in 
the  ratio  of  60  g/1  (6  lb./ 10  gal.)  and  introduced  in  the  ratio  of  0.5  -  1  kg  (1  -2.2  lb.)  per 
100  t.c.61.  Other  dosages  recommended  are:  in  Cuba62,  100  kg  (234  lb.)  of  tetraphosphoglu- 
cosate of  lime  is  dissolved  in  180  1  (40  gal.)  (0.58  kg/1)  of  hot  water  from  the  condenser,  and 
of  this  (1)  80  cmVt.c.  is  placed  in  the  juice  passing  to  the  pre-evaporator;  (2)  the  same  quanti- 
ty is  passed  into  the  juice  entering  the  4th  vessel.  This  factory  reports  excellent  results  from 
this  method. 

At  Laupahoehoe63  ,  20  g  (0.04  lb.)  of  tetraphosphoglucosate  of  lime  is  used  per  t.c.  A  solu- 
tion is  made  up  of  10.8  kg  (24  lb.)  in  455  1  (100  gal.)  of  water  (24  g/1),  and  after  standing 
for  8  hours,  the  solution  is  added  to  the  clarified  juice  by  means  of  a  small  copper  tube  3 
mm  (0.12  in.)  in  diameter,  with  a  cock  for  regulating  the  rate  of  flow.  Results  have  been  ex- 
cellent. 

(b)  The  Wright  Chemical  Corp.  supplies  a  similar  product  under  the  name  of  Wrikorg  C. 
Knox64  recommends  the  following  proportions: 

1st  vessel:  115  g/100  t.c.  ($  lb./lOO  t.c.) 

2nd  vessel:  225  g/100  t.c.  {\  Ib./lOO  t.c.) 

3rd  vessel:  225  g/100  t.c.  (\  Ib./lOO  t.c.) 

4th  vessel:  340  g/100  t.c.   (I  Ib./lOO  t.c.) 


0.9  kg/100  t.c.  (2  Ib./lOO  t.c.) 

Often,  however65,  this  has  not  allowed  chemical  cleaning  or  mechanical  descaling  to  be 
dispensed  with. 

(c)  E.  F.  Drew  and  Co.  manufacture  a  polyphosphate  of  soda,  known  as  "APA-M",  for 
the  same  purpose.  We  have  heard  of  this  only  in  beet  factories66,  where  a  dosage  of  8  p. p.m. 
is  recommended. 

(fl?)The  most  spectacular  results  are  obtained  with  finely  powdered  magnesia:  "Magox" 
"Cosmag",etc.  (cf.  p.  429). 
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When  a  factory  is  modified  to  increase  its  capacity,  it  is  often  convenient  to  place  2  or  3 
evaporator  vessels  in  parallel.  For  example,  2  small  vessels  may  be  connected  so  as  to  make 
one  effect  of  the  desired  heating  surface  (Fig.  32.39). 


Vap.  2nd  vessel 


4  th  vessel 


3rd  vessel 

Cori  denser 

■Fig.  32.39.  Parallel  arrangement  of  two  vessels  to  make  a  fourth  effect. 


The  preceding  effect  will  then  supply  its  vapour  simultaneously  to  the  2  calandrias. 
2  vapour  outlets  will  be  recombined  to  pass  to  the  following  effect. 
It  is  preferable  in  this  case  to  adopt  the  following  precautions: 


The 


(1)  Vapour.  Generally,  the  vapour  is  simply  led  into  the  2  vessels  from  the  preceding  vessel 
by  a  Y-piece.  However,  Claassen1  recommends  that  the  vapour  should  preferably  be  passed 
across  all  the  first  calandria  before  entering  the  second.  This  permits  of  a  better  withdrawal 
of  gases,  a  better  distribution  around  the  tubes,  and  a  greater  velocity  of  vapour.  Hence  an 
improvement  in  the  heat-transfer  coefficient. 

It  goes  without  saying  that  such  a  solution  is  possible  only  on  condition  that  the  vapour 
entry  to  the  vessel  can  be  made  of  the  desired  cross-section,  and  that  the  incondensable-gas 
withdrawal  points  can  be  located  at  the  new  dead-points  which  will  now  obtain. 

(2)  Juice.  It  is  of  great  advantage,  in  the  operation  of  2  or  3  vessels  in  parallel,  to  pass 
the  juice  in  series  through  the  vessels,  with  circulation  on  the  Chapman  system,  for  example. 
In  this  way,  a  methodical  concentration  is  obtained,  and  the  optimum  condition  is  approach- 
ed which  we  have  already  indicated  (p.  529),  that  is,  to  ensure  that  the  brix  of  the  juice  in 
a  vessel  should  be  the  mean  between  the  brix  of  the  juice  entering  and  the  brix  of  the  juice 
leaving.  This  avoids  the  too  rapid  traverse  of  a  vessel  in  short-circuit  by  part  of  the  juice, 
while  other  parts  of  the  vessel  concentrate  a  juice  which  does  not  circulate. 

Since  there  is  no  difference  in  pressure  to  make  the  juice  pass  from  one  vessel  to  the  follow- 
ing one,  it  may  be  left  to  flow  simply  by  gravity.  It  is  necessary  to  allow  for  this  by  giving 
to  the  interconnecting  juice  pipe  between  the  vessels  a  cross-section  corresponding  to  a  juice 
velocity  of  50  cm/s  (20  in./s)  as  a  maximum. 

If  the  2  vessels  placed  in  parallel  have  tubes  of  different  lengths,  the  vessel  with  the  longer 
tubes  should  preferably  be  placed  ahead  of  the  other.  It  is  desirable  then  that  the  point  on 
the  tubes  corresponding  to  the  mean  hydrostatic  level  of  the  juice  (generally  at  3  the  length 
of  the  tubes  from  the  bottom)  should  be  at  the  same  level  in  the  2  vessels,  or  preferably  slight- 
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ly  higher  in  the  first  vessel.  If  this  is  not  the  case  naturally,  one  of  these  vessels  will  be  slightly 
raised. 

One  should  not  lose  sight  of  the  fact  that  flash  takes  place  entirely  in  the  former  vessel. 
Since  on  the  other  hand  the  brix  is  lower  in  this  vessel,  it  will  furnish  more  vapour  than  the 
following  vessel  or  vessels. 

(3)  Condensates.  Since  the  calandrias  of  vessels  in  parallel  are  under  the  same  pressure, 
their  condensates  may  be  recombined  in  the  same  vessel.  However,  it  is  preferable  to  evacuate 
them  separately:  in  that  way  a  better  account  can  be  kept  of  the  respective  evaporation  of 
each  vessel. 

When  these  various  precautions  are  observed,  a  multiple  effect  having  its  effects  or  some 
of  its  effects  formed  of  2  or  more  vessels  in  parallel,  will  certainly  operate  as  well  as  one  with 
single  vessels. 

Placing  vessels  in  parallel  is  thus  an  excellent  solution,  which  may  be  adopted  whenever 
practicable. 


VAPOUR  BLEEDING 

Originally,  for  greater  simplicity,  all  vessels  of  a  multiple  effect  were  made  of  equal  size,  and 
each  one  supplied  vapour  simply  to  the  following  vessel. 

However,  even  when  the  vessels  are  of  equal  size,  it  is  possible  to  take  a  certain  quantity 
of  vapour  from  each  of  them,  for  use  at  the  heaters.  We  shall  see  later  how  to  determine 
the  quantities  of  vapour  which  can  thus  be  used  (cf.  p.  579). 

This  operation  is  most  advantageous,  from  the  point  of  view  of  heat  economy.  If  in  a 
heater  or  a  vacuum  pan,  the  exhaust  steam  used  for  heating  is  replaced  by  vapour  from  juice 
taken  from  one  of  the  vessels  of  the  multiple  effect,  an  economy  will  be  realised  which  is  all 
the  more  important  when  the  vapour  is  taken  from  a  vessel  further  on  in  the  set.  If  the  vapour 
is  taken  from  the  last  vessel,  the  saving  is  complete,  since  the  vapour  used  would  otherwise 
be  lost,  and  moreover  the  load  on  the  condenser  is  at  the  same  time  reduced  (cf.  p.  565). 

Since  the  bled  vapour  is  at  a  lower  temperature  than  the  exhaust  steam,  a  larger  heat- 
exchange  surface  will  obviously  be  required  and,  further,  it  will  not  be  able  to  raise  the 
material  to  be  heated  to  a  temperature  above  its  own.  On  the  contrary,  it  is  advisable  to  allow 
a  certain  margin  between  the  temperature  of  the  vapour  used  and  the  temperature  of  the  juice 
leaving  the  heater.  We  have  already  indicated  (Table  30.1,  p.  457)  the  value  to  be  given  to 
this  margin  in  practice. 

The  multiple  effect  thus  offers  a  complete  range  of  vapour  temperatures,  by  means  of 
which  there  may  be  arranged  a  scheme  of  heating  cold  juices  which  will  permit  them  to  be 
heated  progressively  to  the  boiling  temperature  necessary  for  defecation,  while  utilising  at 
each  stage  the  maximum  amount  of  low-temperature  vapours,  and  in  consequence  achieving 
the  maximum  economy. 

We  shall  see  later  (p.  566)  how  this  economy  may  be  calculated. 
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Turbo-compressor 

The  turbo-compressor,  sometimes  described  by  the  picturesque  term  "heat  pump",  is  a  cen- 
trifugal compressor  which  allows  of  increasing  to  a  certain  extent  the  pressure  of  a  vapour 
and  consequently  its  temperature. 

In  the  sugar  factory,  this  device  permits  an  evaporator  vessel  to  be  heated  by  the  vapour 
from  its  own  juice.  It  is  in  fact  sufficient  to  pass  the  latter  vapour  through  the  compressor 
in  order  to  give  it  the  excess  heat  necessary  to  be  able  to  heat  the  juice  from  which  the  vapour 
is  obtained. 

Imagine,  for  example,  an  evaporator  the  vapour  space  of  which  is  at  100°C  (212°F)  (Fig. 
32.40).  The  juice  will  boil  at  about  100-  100.5°C  (212  -  213°F).  Take  this  vapour  from  the 
juice  at  100°C,  which  in  consequence  is  at  atmospheric  pressure  (1  kg/cm2;  14.7  p.s.i.a.), 
and  pass  it  through  a  compressor  which  will  raise  it  to  1.3  kg/cm2  (18.1  p.s.i.a.).  The 
temperature  corresponding  to  this  new  pressure  is  106°C  (223 °F),  and  the  vapour  thus  com- 
pressed and  recirculated  to  the  calandria  will  now  be  able  to  evaporate  afresh  the  juice  in 
the  vessel  at  100-  100.5°C. 


Turbine  or 
motor 


223°F 


Turbo-compressor 

Fig.  32.40.  Turbo-compressor. 


The  turbo-compressor  is  driven  by  a  steam  turbine  or  an  electric  motor  (motor-compres- 
sor). The  apparatus  is  obviously  not  of  interest  unless  under  the  condition  that  the  steam  con- 
sumption of  this  turbine,  or  the  extra  consumption  of  the  turbo-alternator  supplying  the  cur- 
rent to  the  motor,  is  lower  than  the  quantity  of  vapour  produced  by  the  evaporator.  This 
applies  for  a  vessel  operating  in  single  effect,  such  as  a  vacuum  pan.  However,  it  is  even 
necessary,  for  comparison  with  a  multiple  effect,  that  the  ratio  between  these  two  quantities 
should  be  approximately  of  the  same  order  as  the  ratio  between  the  heating  steam  and  the 
total  vapour  produced  from  the  juice  in  a  triple  or  quadruple  effect,  that  is  to  say,  1  :  3  or 
1  :  4. 

The  turbo-compressor  can  attain  an  entrainment  ratio  (ratio  of  weight  of  vapour  com- 
pressed to  weight  of  steam  consumed)  of  5,  whereas  the  alternative  device,  the  thermo- 
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compressor,  which  we  are  about  to  study,  hardly  ever  exceeds  2.5.  It  can  function,  for  exam- 
ple, with  actuating  steam  at  30  or  40  kg/cm2  (425  -  570  p.s.i.),  and  take  from  the  evaporator 
vessel  vapour  at  0.7  kg/cm2  (10.  p.s.i.)  for  re-injection  into  the  calandria  at  1.1  kg/cm2  (15 
p.s.i.).  Its  efficiency,  moreover,  is  higher,  as  the  difference  between  the  initial  pressure  of 
vapour  and  the  pressure  of  the  compressed  vapour  is  lower. 

It  has  the  advantage  of  operating  without  consumption  of  heat,  but  obviously  requires 
consumption  of  energy.  It  may  become  of  interest  when  there  is  high-pressure  steam  to  spare, 
and  it  then  bears  comparison  with  a  quintuple  effect.  However,  it  costs  about  five  times  as 
much  as  a  thermo-compressor,  and  is  not  widely  used.  It  may  become  a  future  solution. 

Advantages  and  disadvantages.  While  it  offers  the  advantage  of  taking  up  less  space  than 
an  ordinary  multiple  effect,  the  turbo-compressor  presents  on  the  other  hand  the  serious 
disadvantage  of  being  a  piece  of  machinery,  in  other  words,  of  having  moving  parts,  which 
are  expensive,  which  wear,  require  lubrication,  maintenance,  replacement  and  renewal,  and 
are  subject  to  breakdowns  and  stoppages.  In  the  beet  sugar  factory,  it  is  stated  that  such  in- 
cidents are  rare. 

Although  the  turbo-compressor  is  fascinating  to  study  from  the  technical  point  of  view, 
and  probably  has  a  great  future,  we  shall  leave  it  to  one  side  for  the  moment,  since  it  will 
probably  not  pass  for  some  time  into  the  domain  of  practice,  at  least  in  the  cane  sugar  fac- 
tory; and  we  shall  study  an  apparatus  the  object  of  which  is  entirely  analogous,  which  does 
not  present  the  same  disadvantages,  and  which  has  greater  prospects  of  wider  application. 

Thermo-compressor 

The  thermo-compressor  has  exactly  the  same  object  as  the  turbo-compressor,  that  is,  to  raise 
the  value  of  the  vapour  coming  from  the  juice  and  to  give  it  the  increment  of  pressure  and 
temperature  necessary  to  permit  it  to  raise  to  boiling  point  the  juice  from  which  it  has  been 
obtained. 

We  shall  consider  the  same  vessel  as  just  now  (Fig.  32.41),  and  substitute  for  the  turbo- 
compressor  a  special  nozzle  T.  If  we  supply  this  nozzle  with  steam  at  high  pressure  (10,  14, 
18  or  25  kg/cm2;  150,  200,  250  or  350  p.s.i.),  this  steam  will  aspirate  the  vapour  from  the 
vessel  and  return  it  to  the  calandria  while  giving  up  to  it  part  of  its  own  heat  energy.  The 
mixture  thus  acquires  a  pressure  and  a  temperature  sufficient  for  boiling  the  juice  in  the 
vessel. 

The  main  difference  compared  with  the  turbo-compressor  is  that  the  actuating  steam  is 
necessarily  mixed  in  the  calandria  with  the  aspirated  vapour,  whereas  with  the  turbo- 
compressor  it  is  possible  to  separate  the  actuating  steam  and  to  use  it  otherwise. 

It  follows  that  in  addition  to  the  outlet  for  the  recirculated  vapour,  it  is  necessary  to  pro- 
vide for  the  vessel  another  outlet  for  the  vapour  from  the  juice,  since  the  quantity  of  H.P. 
steam  introduced,  like  the  recirculated  vapour,  evaporates  in  its  turn  an  equivalent  quantity 
of  water. 

If,  for  example,  1  kg  of  H.P.  steam  at  25  kg/cm2  can  aspirate  3  kg  of  vapour  at  100°C 
(p  =  1  kg/cm2)  and  provide  3  +  1  =  4  kg  of  steam  at  106°C  (p  =  1.3  kg/cm2),  these  4 
kg  of  steam  will  evaporate  about  4  kg  of  vapour  from  the  juice,  3  kg  of  which  will  continue 
to  recycle  through  the  thermo-compressor,  and  1  kg  must  be  sent  elsewhere,  for  example, 
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(14.71b.) 


-223T 
(18.1  lb.) 


Fig.  32.41.  Thermo-compressor. 


to  the  2nd  vessel  of  a  multiple  effect  of  which  the  vessel  considered  would  serve  as  the  1st 
effect.  It  will  be  noted  in  passing  that  a  multiple  effect  installed  in  this  way  with  a  thermo- 
compressor  attached  to  the  1st  vessel  would  have  a  1st  vessel  much  larger  than  the  following 
ones,  since  it  would  be  capable  of  evaporating  4  times  the  quantity  of  vapour. 

Actually,  the  proportion  is  never  as  high  as  this,  since,  for  reasons  which  we  shall  see  later 
(p.  603),  it  is  desirable  to  introduce  into  the  1st  vessel  exhaust  steam  in  excess  of  the  quantities 
furnished  by  the  thermo-compressor.  A  quantity  of  vapour  from  the  juice  equivalent  to  the 
quantity  of  exhaust  steam  introduced  will  obviously  be  passed  entirely  to  vapour  bleeding 
from  the  1st  vessel  or  to  the  2nd  vessel,  together  with  the  quantity  of  vapour  corresponding 
to  the  high-pressure  steam  utilised. 

The  incondensable  gases  from  a  vessel  provided  with  a  thermo-compressor  can  thus  be  sent 
into  the  vapour  space  of  the  same  vessel.  (With  the  turbo-compressor  of  Fig.  32.40,  this 
would  not  have  been  possible,  since  the  vessel  operates  in  closed  circuit,  and  the  gases  would 
accumulate  in  the  circuit.) 

It  is  obviously  preferable  to  evacuate  the  gases  to  the  atmosphere,  if  the  pressure  existing 
in  the  calandria  permits.  Otherwise  they  would  be  sent,  not  into  the  vapour  space,  but  direct- 
ly into  the  vapour  pipe  going  to  the  following  vessel,  to  avoid  risk  of  being  left  to  recirculate 
in  the  closed  circuit. 


Entrainment  ratio.  The  term  "entrainment  ratio"  of  a  thermo-compressor  signifies  the 
ratio  between  the  weight  of  vapour  aspirated  and  the  weight  of  actuating  steam.  This  ratio 
is  designated  by  the  letter 


weight  of  vapour  aspirated  ^  ^ 

^      weight  of  actuating  steam 
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The  entrainment  ratio  is  the  most  important  figure  in  the  performance  of  a  thermo- 
compressor.  It  may  be  calculated  by  the  formula  of  Truffault: 

80 

0*o  +  I)2  =  [GogP  -  logpj  -  0.01  (*o 

/  1 44 

I0*o  +  l)2  =  [(log?  -  log/7  )  -  0.0056  {to 

\  K  -  to 

Ho  -  entrainment  ratio  with  a  new  nozzle 
tm  =  temperature  corresponding  to  the  absolute  pressure  pm  of  the  mixture,  i.e.  of  the 

vapour  in  the  calandria,  in  °C  (°F) 
to  =  temperature  corresponding  to  the  absolute  pressurepo  of  the  vapour  from  the  juice  in 

the  vessel,  in  °C  (°F) 
P  =  absolute  pressure  of  the  actuating  steam,  in  kg/cm3  (p.s.La.). 
In  order  to  take  into  account  wear  of  the  nozzles,  we  shall  take: 

p  =  0.95  fit,  (32.19) 

According  to  the  efficiency  of  the  nozzle  under  consideration,  the  coefficient  80  (144)  in 
formula  (32.18)  could  be  modified. 

These  equations  do  not  take  into  account  the  superheat  of  the  actuating  steam.  They  are 
derived  from  the  analytical  relationships  which  exist  between  the  graphs  which  can  be  drawn 
on  the  entropy  diagram  to  represent  the  changes  of  state  of  the  fluids  passing  through  the 
nozzle.  Now  these  graphs  are  practically  identical  for  the  pressures  given,  and  change  very 
little  with  superheat  of  the  steam.  In  other  words,  superheat  has  only  a  negligible  influence, 
on  account  of  the  parallelism  of  the  lines  of  equal  pressure. 

Practical  values  of  entrainment  ratio.  Table  32.12  gives  values  of  the  entrainment  ratio, 
derived  from  eqn.  (32.18),  for  several  common  values  of  P,  p   and  po. 

Sensitivity  of  the  thermo-compressor.  On  the  other  hand,  the  degree  of  superheat  has  a 
very  marked  influence  on  the  output  of  this  apparatus,  on  account  of  its  effect  on  the  specific 
volume  of  the  vapour. 

Moreover,  the  variations  in  volume  are  very  marked  in  the  zone  of  recompression 
(100-  1 10°C;  212-230°F),  and  all  the  more  so  as  the  aspirated  vapour  approaches  100°C, 

It  follows  that  the  temperature  of  the  vapour  to  be  compressed  should  be  determined  very 
accurately  before  the  purchase  of  the  thermo-compressor.  If  the  pressure  proves  to  be  dif- 
ferent from  that  for  which  the  equipment  has  been  designed,  eddies  will  be  created  in  the 
aspiration  chamber,  which  will  absorb  uselessly  a  great  proportion  of  the  kinetic  energy 
available  for  recompression. 

The  thermo-compressor  is  thus  a  delicate  piece  of  apparatus,  the  efficiency  of  which 
depends  on  close  adherence  to  the  conditions  of  operation  for  which  it  has  been  designed. 


-  100)] 

N  (32.18) 

-  212)]  \ 


TABLE  32.12 

VALUES  OF  ENTRAINMENT  RATIO 


Calandria  pressure  Vapour-space  pressure  Entrainment  ratio  for  H. P.  steam  at  P  (kg /cm2) 


Pm  abs. 

(kg/cmjy 

Pm  gauge 
(kg /cm1) 

ro 

Po  abs. 
(kg/cm1) 

pa  gauge 
(kg/cm2) 

CO 

18 

20 

25 

30 

45 

2.53 

1.5 

127 

1.88 

0.85 

117 

1.31 

1.39 

1,54 

1.66 

1.91 

2.03 

1.0 

120 

1.50 

0.47 

111 

1.60 

1.67 

1.81 

1.92 

2.15 

1.83 

0.8 

117 

1.37 

0.34 

108 

1.79 

1.86 

2.00 

2.11 

2.34 

1.53 

0.5 

111 

1.16 

0.12 

103 

2.07 

2.14 

2.27 

2.38 

2.60 

(British  units) 

(p.s.i.a.) 

fp.s.i.a.J 

(p.s.i.g.) 

(°F) 

(p.s.i.a.) 

(p.s.i.g.) 

CF) 

250 

300 

350 

400 

640 

34.7 

20 

259 

26.8 

12.1 

244 

1.51 

1.64 

1.74 

1.83 

2.12 

29.7 

15 

250 

22.4 

7.7 

234 

1.64 

1.76 

1.86 

1.93 

2.20 

24.7 

10 

239 

18.2 

3.5 

223 

1.80 

1.90 

1.99 

2.06 

2.31 

19.7 

5 

226 

15.3 

0.6 

214 

2.56 

2.67 

2.77 

2.85 

3.13 
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Variation  of  entrainment  ratio  with  difference  in  temperature.  When  the  pressure/^  re- 
mains constant,  and  the  pressure  po  varies,  the  efficiency  of  the  nozzle,  which  is  a  maximum 
for  a  given  pressure  po,  will  fall. 

Approximately,  it  may  be  stated  that,  when  the  drop  in  temperature  varies  by  +  x°7o,  the 
value  of  Oio  +  l)2  will  fall  by  x/2°/o  in  relation  to  what  it  would  have  been  if  the  nozzle  had 
been  designed  for  the  temperature  drop  actually  obtaining. 

For  example,  if  a  nozzle  has  been  designed  for  a  temperature  drop  of  8°C,  and  if  the  cor- 
responding entrainment  ratio  was  2.4:  if  this  temperature  drop  increases  to  9°C,  n  will  fall 
to  2.10  (instead  of  2.20);  if  the  temperature  drop  decreases  to  7°C,  ^  will  increase  to  2.53  (in- 
stead of  2.64). 

Limits  of  use.  Theory  shows,  and  practice  still  more,  that  in  turbo-compression  and  in 
thermo-compression,  a  good  efficiency  is  obtainable  only  under  the  following  conditions: 

(a)  A  small  drop  in  temperature  (fm  ~  to)  between  the  compressed  vapour  and  the 
vapour  to  be  compressed,  that  is,  this  temperature  drop  should  be  not  more  than  10°C 
(18°F). 

(b)  Small  elevation  of  boiling  point  (since  this  elevation  increases  the  temperature  dif- 
ference); hence  these  operations  are  suitable  only  for  low  brix. 

In  other  words,  thermo-compression  can  be  employed  only  in  the  first  effect,  or  in  a  pre- 
evaporator. 

Importance  of  efficiency.  In  an  ordinary  factory,  the  requirements  of  low-pressure  steam 
for  the  boiling  house  are  much  greater  than  the  quantities  of  exhaust  steam  available.  Such 
a  factory  must  reduce  a  large  quantity  of  live  steam  to  the  exhaust  pressure  to  complete 
the  requirements  of  low-pressure  steam.  The  expansion  of  this  make-up  steam  is  generally 
effected  in  a  simple  reducing  valve,  without  obtaining  any  benefit  from  it. 

The  advantage  of  the  thermo-compressor  is  that  the  compressor  itself  carries  out  this  ex- 
pansion. Instead  of  being  done  uselessly  in  a  reducing  valve,  the  expansion  takes  place  in  the 
thermo-compressor,  and  each  kg  of  live  steam  so  expanded  produces,  without  cost,  evapora- 
tion ofjn  kg  of  water  from  the  juice.  This  gain  is  all  the  more  valuable  since  it  costs  absolutely 
nothing. 

The  efficiency  of  the  nozzle  is  then  of  secondary  importance  only;  however  bad  it  be,  there 
remains  still  a  definite  gain. 

Installation.  In  the  general  case,  the  thermo-compressor  operates  in  conjunction  with  the 
1st  effect,  with: 

Pressure  of  the  actuating  steam  P,  the  pressure  of  the  high-pressure  steam  in  the  factory 
Pressure  of  compressed  vapour  p  ,  the  pressure  of  the  exhaust  steam 
Pressure  of  vapour  before  compression  po,  the  pressure  of  the  1st  effect. 

With  a  pre-evaporator: 
The  pressure  P  remains  that  of  the  high-pressure  steam 

The  pressure pm  becomes  a  pressure  intermediate  between  that  of  the  exhaust  steam  and  P, 
and  generally  0.4-0.5  kg/cm2  (6-7  p.s.i.)  higher  than  the  exhaust-steam  pressure 
The  pressure  p0  becomes  the  exhaust-steam  pressure. 
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Steam  economy  due  to  thermo-compression.  The  economy  realised  by  the  installation  of 
a  thermo-compressor  corresponds,  as  we  have  just  discussed,  to  the  additional  quantity  of 
water  evaporated  due  to  it  in  the  1st  vessel  or  the  pre-evaporator. 

However,  this  quantity  is  limited  by  the  maximum  quantity  of  live  steam  which  can  be  in- 
troduced into  the  calandria  of  the  1st  effect  or  into  the  exhaust-steam  system  without  having 
an  excess  of  exhaust  steam,  which  would  then  be  discharged  above  the  roof  by  the  safety 
valve. 

In  other  words,  a  thermo-compressor  can  only  be  used  to  the  extent  of  the  make-up  steam 
necessary  for  manufacture.  If  a  factory  is  producing  from  its  engines  as  much  exhaust  steam 
as jt  consumes  in  the  boiling  house,  thermo-compression  would  offer  no  interest  for  it. 

We  shall  see  later  (p.  603)  the  possibilities  of  thermo-compression  as  a  function  of  the 
quantities  of  exhaust  steam  produced  and  consumed. 
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Relative  evaporations  in  the  various  effects 

We  shall  consider  a  quadruple  effect  without  vapour  bleeding,  functioning  between  112°C 
(234°F),  as  the  temperature  of  the  exhaust  steam,  and  55  °C  (131  °F),  as  the  temperature  cor- 
responding to  the  vacuum  obtainable,  and  receiving  juice  at  98°C  (208°F).  What  would  be 
the  quantity  of  vapour  supplied  by  each  effect,  per  unit  weight  of  exhaust  steam  supplied 
to  the  calandria  of  the  1st  effect? 
We  shall  calculate  for  two  extreme  cases: 

(a)  With  separate  extraction  of  condensates  from  each  vessel 

(b)  With  circulation  of  the  condensates  from  the  1st  to  the  last  effect. 

We  shall  assume  that  the  juice  entering  the  1st  effect  is  5  times  the  weight  of  steam  enter- 
ing, and  that  the  temperatures  are  those  indicated  in  the  diagram  given  (Fig.  32.42). 

The  calculations  are  given  in  metric  units,  for  purposes  of  illustration,  in  the  belief  that 
the  method  of  calculation  can  still  be  readily  followed  by  engineers  more  conversant  with  the 
British  system  of  units. 

(a)  Separate  extraction  of  condensates  from  each  vessel.  The  quantity  of  vapour  furnished 


0.923  kg 


IKgvapat  112*  C 


103' C 


0-956  kg 


94'C 


1 .002  kg 


1,040  kg 


78'C 


55'C 


"JA)  m 


4.077  kg  at  103'C  13.119  Kg  at  94  »C  1 2.117  kg  at  79*  C  J  1.077  Kg  a 
Brix=15  1  Brix=19  1  Brix=  28  IBrix=55 


5  Kg  juice  at98'C 

Bnx-12  I 

1kgat112'C  i  0.923kgat  103«C*  0.95akgat94'C  1  1.002kgat60*cl 
'  »  I  T 


at  60*c 


Fig.  32.42.  Separate  extraction  of  condensates  from  each  vessel. 
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by  each  effect  is  obtained  by  writing  a  heat  balance  for  each  effect;  that  is,  the  quantity  ot 
heat  entering  the  vessel  is  equal  to  the  quantity  of  heat  leaving  it. 

We  shall  assume  that  the  quantities  of  heat  lost  by  radiation  and  convection  in  each  vessel 
are  respectively  1.25,  1,  0.75,  0.50%  of  the  heat  exchanged  in  that  vessel. 

We  shall  assume  further  that  the  juice  entering  is  at  12°  brix,  and  note  that  its  specific  heat 
is  calculated  by  eqn.  (30.1). 

For  the  1st  effect,  for  example,  we  have: 

(1)  Heat  entering: 

1  kg  of  steam  at  112°:  total  heat  (Table  41.1)  =  643  kcal 
5  kg  of  juice  at  98°:  5  x  98  x  0.93  =     456  kcal 

=  1,099  kcal 

(2)  Heat  leaving: 

Loss  of  heat:  1,099  x  0.0125 
Condensate:  1  kg  at  112° 
Vapour:  x  kg  at  105° 
Juice:  (5  -  X)  kg  at  103° 

We  have  then: 

14  +  112  +  640*  +  (5  -  x)  103  X  0.91  =  1,099 

whence: 

x  =  0.923  kg 

Proceeding  in  the  same  way  from  one  vessel  to  the  next,  for  the  2nd  effect  and  the  follow- 
ing ones,  we  obtain  the  figures  given  in  Table  32.13. 

The  heat  is  supplied  to  the  1st  effect.  Heat  exchange  takes  place  from  one  vessel  to  the 
next  but  decreases  from  the  1st  to  the  last,  each  vessel  losing  compared  with  the  preceding 
one  not  only  the  heat  given  up  to  the  surroundings  but  also  that  taken  away  by  the  conden- 
sate. 

(b)  Circulation  of  condensates  from  vessel  to  vessel.  (See  Fig.  32.43).  By  calculating  exact- 
ly as  in  the  foregoing,  we  obtain  the  figures  of  Table  32.14. 

Here  each  vessel  loses  compared  with  the  preceding  one  only  the  heat  given  up  by  it  to  the 
surroundings:  the  last  vessel  therefore  transfers  a  quantity  of  heat  only  slightly  inferior  to 
that  exchanged  by  the  first. 

If  we  summarise  the  evaporation  done  by  the  quadruple  in  the  two  extreme  cases  examin- 
ed, we  obtain  Table  32.15. 

We  see  then  that: 


14  kcal 
=     112  kcal 

640  x  kcal 
=  (5  -  x)  103  X  0.91 
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1  kg  vap.  at  112*  C  -— - 

5  kg  at  98  — _ 
Brix=  12 


4.077  ka  fe=  15 1  3- 
atl03'Cl~f>  J  at! 

1  kg  at  1 12*C       1 .923  kg  at  103«C    2.895  kg  at  94*C 


105kglB=19  S.05Bka\B=  I 
94'C  1  ■ — ■  »•  at  79* C  L  —  »J 


0.896  at  68 'C 


B  =  66 


3.942  kg  at  78  *C 


Fig.  32.43.  Circulation  of  condensates  from  vessel  to  vessel. 


(1)  The  complete  circulation  of  condensates  permits  of  a  gain  of  about  5%  in  evaporation, 
relative  to  that  with  separate  extraction  of  condensates 


TABLE  32.13 


Heat  entering 


Vapour:  0.923  kg 
Juice:     4.077  x 


x  640  kcal 
103°  x  0.91 


Vapour:  0.958  kg  x  637  kcal 
Juice:      3.119  x  94°  x  0.88 


Heat  leaving 


2nd  effect 


=  591 

=  382 


973 


kcal 


=  610  kcal 

=  258 


Loss: 
Water: 
Vapour: 
Juice: 


3rd  effect 


973  x  0.01 
0.923  x  103° 
0.958  x  637  kcal 
3.119  x  94°  x  0.88 


Loss: 
Water: 
Vapour 
Juice-. 


868  X  0.0075 
0.958  x  94° 
1.002  x  631 

x  79  x 


0.83 


10  kcal 

95 
610 
258 

973 


=     7  kcal 
=  90 
=  632 
=  \39 


868 


868 


4th  effect 


Vapour:  1.002  kg  x  631  kcal  =  632  kcal 
Juice:     2.117  x  79°  x  0.83    =  139 


Loss:     771  x  0.0050 
Water:    1.002  x  78° 
Vapour:  1.040  X  621 
Syrup:     1.077  x  60  x  0.67 


4  kcal 
=  78 
=  646 
=  43 


771 


771 


(2)  With  or  without  circulation  of  condensates,  a  quadruple  effect  evaporates  very  close 
to  4  units  of  water  per  unit  weight  of  steam  supplied  to  the  calandria  of  the  1st  effect. 

A  similar  relationship,  close  to  1  unit  of  water  per  effect,  would  apply  for  a  triple  or  a 
quintuple.  We  may  therefore  enunciate  the  following  approximate  relationship: 

Unit  weight  of  heating  steam  introduced  to  the  calandria  of  the  first  vessel  of  a  multiple 
effect  without  vapour  bleeding  will  produce  an  evaporation  of  unit  weight  of  water  from  the 
juice  in  each  body  of  the  multiple  effect. 
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Hence  this  corollary  immediately  follows: 

A  multiple  effect  of  n  effects  without  vapour  bleeding  evaporates  n  units  of  water  from 
the  juice  per  unit  weight  of  heating  steam  supplied  to  the  set. 

TABLE  32.14 


Heat  entering  Heat  leaving 


1st  effect 


Steam: 

1.000  kg 

;  at  112° 

643  kcal 

Loss: 

1.099 

x 

0.0125 

14  kcal 

Juice: 

5.000  x 

98  x  0.93  = 

456 

Water: 

1.000 

X 

112° 

= 

112 

Vapour: 

0.923 

X 

640  kcal 

591 

Juice: 

4.077 

X 

103  x  0.91 

382 

1,099 

1,099 

2nd 

effect 

Vapour: 

0.923  kg 

x  640  kcal  = 

591  kcal 

Loss: 

1.085 

X 

0.01 

1 1  kcal 

Juice: 

4.077  x 

103  x  0.91  = 

382 

Water: 

1.923 

X 

103° 

198 

Water: 

1.000  x 

112° 

112 

Vapour: 

0.972 

X 

637  kcal 

= 

619 

Juice: 

3.105 

X 

94  x  0.88 

= 

257 

1,085 

1,085 

3rd 

effect 

Vapour: 

0.972  kg 

x  637  kcal  = 

619  kcal 

Loss: 

1.074 

X 

0.0075 

8  kcal 

Juice: 

3.105  x 

94  x  0.88  = 

257 

Water: 

2.895 

X 

94° 

272 

Water: 

1.923  x 

103° 

198 

Vapour: 

1.047 

X 

631 

661 

Juice: 

2.058 

X 

79  x  0.82 

133 

1,074 

1,074 

4th 

effect 

Vapour: 

1.047  x 

631  kcal 

661  kcal 

Loss: 

1.066 

X 

0.0050 

5  kcal 

Juice: 

2.058  x 

79  x  0.82  = 

133 

Water: 

3.942 

X 

78° 

307 

Water: 

2.895  x 

94° 

272 

Vapour: 

1.162 

X 

621 

722 

Syrup: 

0.896 

X 

60  X  0.6 

32 

1,066  1,066 


TABLE  32.15 


EVAPORATION  IN  EACH  EFFECT  PER  UNIT  OF  STEAM  SUPPLIED  TO  FIRST  VESSEL 


Without  circulation 

With 

%  gain 

of  condensates 

circulation 

by  circulation 

Steam  supplied 

1 

1 

Water  evaporated  by  1st  effect 

0.923 

0.923 

0 

Water  evaporated  by  2nd  effect 

0.958 

0.972 

1.5 

Water  evaporated  by  3rd  effect 

1.002 

1.047 

4.5 

Water  evaporated  by  4th  effect 

1.040 

1.162 

11.2 

Total  evaporation 

3.923 

4.104 

4.6 
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Influence  of  the  temperature  of  the  juice  entering.  In  the  preceding  calculation  it  has  been 
ascertained  that  each  vessel  actually  supplies  slightly  more  vapour  than  the  preceding  one. 
This  excess  is  due  to  three  main  causes: 

(1)  Juice.  Liberation  of  a  quantity  of  sensible  heat  of  the  juice  corresponding  to  the  dif- 
ference in  temperature  between  vessels.  Hence  flash  in  the  following  vessel. 

(2)  Vapour.  A  progressive  decrease  of  the  total  heat  of  the  vapour  with  pressure  in  the 
vessel,  the  increase  in  latent  heat  of  vaporisation  being  less  rapid  than  the  decrease  in  sensible 
heat. 

(3)  Water.  In  the  case  of  circulation  of  condensates,  the  drop  in  pressure  similarly  causes 
a  flash  of  the  water,  which  increases  the  quantity  of  heating  fluid  on  the  vapour  side  of  the 
calandria. 

The  effect  of  differences  in  specific  heat  is  not  all  in  the  one  direction  and,  moreover,  it 
is  small.  The  heat  lost,  which  is  of  minor  importance,  is  always  largely  compensated  by  the 
three  causes  above. 

The  1st  vessel  only  gives  out  less  vapour  than  it  receives:  0.923  kg  in  our  example,  in  place 
of  1  kg.  This  is  due  to  the  low  temperature  (98°C)  of  the  juice  entering:  it  is  necessary  first 
to  heat  this  juice  before  evaporating  it.  If  the  juice  were  to  enter  at  the  same  temperature 
as  the  vapour,  as  in  the  other  vessels,  we  should  find  that  the  1st  vessel  would  evaporate  1 .042 
kg  in  place  of  0.923  kg,  and  all  the  following  vessels  would  react  favourably  to  this. 

We  see  here  the  importance  of  the  initial  temperature  of  juice  entering  a  multiple  effect, 
from  the  point  of  view  of  the  evaporation  to  be  obtained. 

Evaporation  with  vapour  bleeding 

We  shall  pass  on  to  the  general  case  of  a  multiple  effect  with  vapour  bleeding  from  one  or 
more  vessels.  The  vapour  bleeding  obviously  does  not  modify  at  all  the  equilibrium  which 
we  have  just  indicated  between  the  quantity  of  vapour  admitted  into  each  calandria  and  the 
quantity  of  water  which  it  evaporates  in  that  vessel.  We  shall  assume  then  that,  in  each  vessel, 
each  unit  of  vapour  arriving  in  the  calandria  evaporates  an  equal  weight  of  water. 

We  shall  take  then  a  quadruple  effect  (Fig.  32.44)  from  the  vessels  of  which  vapour  is  bled 
in  the  following  quantities  per  t.c: 

Pi  from  the  1st  vessel 
P2  from  the  2nd  vessel 
Pi  from  the  3rd  vessel 
P4  from  the  4th  vessel 


x  +  f^+P^^^-P, 


Fig.  32.44.  Quadruple  effect  with  vapour  bleeding. 
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Now  let: 

E  =  total  quantity  of  water  evaporated  per  t.c.  in  the  quadruple  effect 
x   —  the  quantity  of  vapour  passing  from  the  last  effect  to  the  condenser. 

Since  the  last  vessel  evaporates  a  weight  of  (x  +  P4),  it  should  receive  from  the  third  an 
equal  quantity.  The  third,  evaporating  (x  +  P4)  +  Pi,  should  receive  from  the  second  the 
same  quantity  (x  +  P4  +  P3)-  The  first  should  in  the  same  way  supply  to  the  second  x  + 
P4  +  P3  +  P2  and  it  will  be  necessary  to  supply  to  it,  as  exhaust  steam: 

Q  =  x  +  Pa  +  P3  +  Pi  +  Pi 

The  total  evaporation  E  achieved  by  the  quadruple  effect  will  therefore  be: 

4th  effect:  x  +  P4 

3rd  effect:  x  +  P4  +  P3 

2nd  effect:  x  +  P4  +  P3  +  P2 

1st  effect:  x  +  P4  +  P3  +    Pi  +  Pi 


Multiple  effect:  E  =  4x  +  4P4  +  3P3  +  2P2  +  Pi  (32.20) 

We  see  then  that  the  quantity  of  water  evaporated  by  the  quadruple  effect  is  equal  to: 

4  times  the  quantity  evaporated  by  the  4th  vessel 
+  3  times  the  quantity  withdrawn  from  the  3rd  vessel 
+  2  times  the  quantity  withdrawn  from  the  2nd  vessel 
+  1  times  the  quantity  withdrawn  from  the  1st  vessel 

Economy  obtained  by  vapour  bleeding 

Vapour  bleeding  is  carried  out  for  use  in  juice  heaters  or  vacuum  pans.  If  there  is  no  vapour 
bleeding  from  the  multiple  effect,  the  heaters  and  the  pans  have  to  be  heated  with  either 
direct  or  exhaust  steam.  Let: 

R  =  the  quantity  of  steam  (direct  or  exhaust)  consumed  by  the  heaters  and  pans 
Q  -  the  quantity  of  steam  (direct  or  exhaust)  consumed  by  the  evaporators. 
In  the  case  of  a  quadruple  without  vapour  bleeding,  the  steam  used  will  be: 

D  -  R  +  Q 

If  we  bleed  vapour  from  the  quadruple  to  supply  the  heaters  or  to  boil  the  pans,  each  unit 
of  such  vapour  will  save  close  to  1  unit  of  exhaust  steam,  since  the  latent  heat  is  approximate- 
ly the  same,  and  since  we  assume,  obviously,  that  the  bled  vapour  has  a  temperature  suffi- 
cient to  effect  the  heating  or  the  stage  of  heating  which  is  expected  of  it. 

If  the  heaters  or  pans  which  previously  required  a  weight  R  of  direct  or  exhaust  steam  are 
now  heated  by  vapour  from  the  juice,  we  shall  have: 


Pi  +  Pi  +  Pi  +  Pa  =  R 


(32.21) 
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and  the  new  steam  consumption,  D' ,  will  be  reduced  to  the  quantity  supplied  to  the  1st  vessel 
of  the  evaporators,  say  Q'.  Hence: 


D'  =  Q' 


Now: 


Q'  =  x  +  Pi  +  Pi  +  Pi  +  P4 


(32.22) 


Efiminating  x,  which  does  not  interest  us,  from  eqns.  (32.20)  and  (32.22),  and  expressing 
the  steam  consumption  D'  =  Q'  as  a  function  of  the  total  evaporation  E,  which  is  fixed 
and  readily  determined  if  we  fix  the  brix  of  the  syrup,  we  have: 


(32.23) 


Without  vapour  bleeding,  the  steam  consumption  was: 


D=Q+R  =  ~  +  Pl+Pi  +  Pi+PA 


(32.24) 


The  economy  realised  e  is  therefore: 

e  =  D  -  D'  =  (Q  +  B)  -  Q'  =  - -Pi  +  2  Pi  +  3 [  P3  +  \  P4  (32.25) 

v         4  4  4  4  v  ' 

If  we  had  made  the  calculations  for  the  general  case  of  a  multiple  effect  with  n  effects, 
we  should  have  found: 


(32.26) 


In  other  words:  when  a  multiple  effect  of  neffects  is  available  and  when,  for  some  heating 
duty  in  the  factory,  there  is  substituted  for  exhaust  steam  vapour  bled  from  effect  No.  p, 
a  saving  in  steam  is  realised  equal  to  the  fraction  p/n  of  the  quantity  of  steam  consumed  by 
this  heating  duty.  The  saving  increases  then  with  the  place  of  the  vessel  in  the  multiple  effect, 
and  becomes  a  complete  saving  when  the  bleeding  is  made  from  the  last  vessel. 

Unfortunately,  the  temperature  of  the  vapour  from  the  last  vessel  (of  the  order  of  55°C 
(130°F))  scarcely  offers  any  possibilities  for  heating.  Hence  the  advantage  of  multiple  effects 
under  pressure,  where  the  vapour  from  the  last  vessel  is  in  the  neighbourhood  of  100°C,  and 
in  which  it  is  possible  in  consequence  to  utilise  practically  the  whole  of  the  vapour  from  the 
juice. 
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In  an  ordinary  multiple  effect,  one  must  generally  be  content  with  bleeding  vapour  from 
the  1st  and  2nd  vessels.  It  is  also  possible  to  effect  a  slight  heating  of  cold  juices  by  passing 
them  through  a  heater-condenser  interposed  in  the  vapour  pipe  from  the  last  vessel  (and  also 
perhaps  from  the  pans)  to  the  condenser. 

Heating  surface.  We  may  comment  in  passing  that  it  is  not  possible,  in  a  heater,  to  obtain 
with  bled  vapour  the  same  outlet  juice  temperature  as  with  exhaust  steam  for  example.  To 
obtain  this  temperature  (if  the  temperature  of  the  vapour  used  will  permit),  a  heater  of 
greater  heating  surface  is  necessary. 

Economy  obtained  by  thermo-compression 

We  shall  now  compare,  from  the  point  of  view  of  steam  consumption,  a  multiple  effect  fur- 
nished with  a  thermo-compressor  with  one  not  so  equipped. 

Since  vapour  bleeding  does  not.  come  into  this  question,  we  shall  suppose,  to  simplify  the 
problem,  that  there  is  no  vapour  bleeding  (Fig.  32.45). 


Fig.  32.45.  Quadruple  effect  with  thermo-compressor. 


Without  the  thermo-compressor  the  steam  consumption  is: 


With  the  thermo-compressor,  this  becomes  (Fig.  32.45): 

D'  =  q  +  q' 

q   =  consumption  of  actuating  steam  by  the  thermo-compressor 

q'  =  quantity  of  exhaust  steam  introduced  directly  into  the  calandria. 

Equating  the  quantity  of  steam  for  heating  the  1st  vessel  to  the  quantity  of  water 
evaporated,  we  have: 

q  +  q'  +  (iq  =  ftq  +  x    hence:    q  +  q'  =  x 

but  the  evaporation  is: 


E  -  4x  +  (iq 
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hence: 


D'=Q  +  Q'  =  *  =  ^_j-  (32.27) 


Hence  the  saving: 


e  =  D  -  D>  =  ^ 


or  in  general: 


(32.28) 


e   =  saving  due  to  the  thermo-compressor 

ft  =  entrainment  ratio  of  the  thermo-compressor 

q  =  quantity  of  direct  steam  consumed  by  the  thermo-compressor 

n    -  number  of  effects. 

This  saving  is  added  to  that  from  vapour  bleeding  (eqn.  (32.26))  in  the  case  where  we  have 
at  the  same  time  vapour  bleeding  and  thermo-compression. 

Equivalent  number  of  effects  with  thermo-compression.  Let  us  assume  that  all  the  vapour 
introduced  to  the  multiple  effect  is  the  actuating  steam  of  the  thermo-compressor:  q'  -  0 
(Fig.  32.46). 


Fig.  32.46.  Equivalent  number  of  effects. 


The  1st  vessel  then  gives: 

Q  +  nQ  =  x  +  nQ 

or: 


x  =  Q 


570 


EVAPORATION 


Ch.  32 


The  evaporation  is  given  by  the  expression: 


E  =  4x  +  nQ  =  4Q  +  nQ 


In  the  general  case: 


E  =  nQ  +  fiQ  =  (n  +  ft)  Q 


(32.29) 


The  actual  number  of  effects  of  a  multiple  set  being  represented  by  the  ratio  E/Q,  we  see 
that  a  multiple  with  n  effects,  furnished  with  a  thermo-compressor  of  entrainment  ratio  fi, 
is  actually  equivalent  to  an  ordinary  multiple  effect  with  a  number  n'  of  effects: 


since  1  kg  of  steam  admitted  to  the  calandria  produces  an  evaporation  of  (n  +  fi)kg  of  water 
from  the  juice. 

In  practice,  it  is  not  possible  to  reduce  the  admission  of  steam  to  the  1st  vessel  to  the  value 
of  the  actuating  steam  of  the  thermo-compressor  (c/.  p.  603).  It  is  not  possible,  therefore, 
to  reduce  q'  to  0.  We  should  say  then  that  the  portion  of  the  steam  q' ,  represented  by  ex- 
haust steam,  admitted  to  the  calandria  of  the  multiple  effect,  works  at  n  effect,  and  the  por- 
tion q,  representing  the  actuating  steam  of  the  thermo-compressor,  at  (n  +  /a)  effect. 


As  for  heaters  (cf.  p.  461),  the  heating  surface  of  an  evaporator  vessel  should  logically  be 
calculated  from  the  interior  surface  of  the  tubes.  It  would  be  appropriate  in  calculating  this 
surface  to  use  the  length  of  the  tubes  which  is  actually  heated,  i.e.  the  height  included  bet- 
ween the  inside  faces  of  the  tube  plates,  and  to  add  to  this  the  heated  surface  of  the  tube 
plates  themselves,  i.e.  the  area  of  the  plates,  deducting  the  area  of  the  holes  drilled  for  the 
passage  of  the  tubes. 

This  calculation  would  be  somewhat  lengthy,  so  the  general  practice  is  to  calculate  the  sur- 
face for  the  inside  of  the  tubes,  reckoned  on  their  length  outside  the  tube  plates,  the  excess 
length  thus  included  compensating  very  closely  for  the  remaining  area  of  the  tube  plates 
which  is  neglected. 

We  may  recall  that  English  and  American  engineers  calculate  the  heating  surface  according 
to  the  area  of  tubes  in  contact  with  the  heating  fluid,  that  is,  they  use  the  exterior  surface 
area  of  the  tubes.  It  follows  that  the  heating  surface  of  a  given  heater  or  evaporator  vessel 
is  not  given  by  a  simple  conversion  to  square  metres  of  the  area  in  square  feet  quoted  by 
English  or  American  manufacturers.  Although  1,000  sq.ft.  is  equal  to  92,90  m2,  an  American 
vessel  of  10,000  sq.ft.,  for  example,  would  be  equivalent  to  a  French  vessel  of  852  m2  and 
not  of  929  m2,  or  approximately  8%  less. 


F 

n'  =  -  =  n  +  a 


(32.30) 
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Heat-transfer  and  evaporation  coefficients 

There  are  several  figures  for  comparing  the  work  of  the  evaporators.  We  shall  distinguish: 

(a)  The  evaporation  coefficient.  This  is  the  weight  of  vapour  furnished  by  the  vessel  per 
hour  per  unit  heating  surface  (kg/m2/h;  (b./sq.ft./h). 

(b)  The  specific  evaporation  coefficient.  This  is  the  weight  of  vapour  supplied  by  the 
evaporator  per  hour,  per  unit  heating  surface  and  per  degree  drop  of  temperature  between 
steam  and  juice  (kg/m2/°C/h;  lb./sq.ft./°F/h).  We  sometimes  distinguish  between  the  ap- 
parent specific  evaporation  coefficient,  in  which  the  juice  temperature  is  taken  as  equal  to 
that  of  the  vapour  produced  from  it,  and  the  real  coefficient,  which  takes  into  account  the 
actual  temperature  of  the  juice  in  the  tube,  obtained  by  adding  to  the  vapour  temperature 
(1)  the  boiling-point  elevation  due  to  the  brix,  and  (2)  the  elevation  due  to  hydrostatic 
pressure. 

(c)  The  uncorrected  heat-transfer  coefficient.  This  is  the  number  of  heat  units  transmitted 
per  hour  per  unit  heating  surface  and  per  degree  drop  in  temperature  (kcal/m2/°C/h; 
B.T.U./sq.ft./°F/h).  Here  also  we  distinguish  between  apparent  and  real  coefficients,  accor- 
ding as  we  use  the  apparent  temperature  drop,  or  the  real  temperature  drop,  as  for  the 
specific  evaporation  coefficient. 

(d)  The  corrected  heat-transfer  coefficient.  The  heat  transmission  is  more  rapid  according 
as  (1)  the  steam  is  at  a  higher  pressure,  (2)  the  juice  is  at  a  lower  brix  in  the  vessel.  If  it  is 
desired  to  compare  evaporator  vessels  with  each  other,  and  to  know  if  there  is  one  whose 
heat  transmission  is  abnormally  bad,  it  is  necessary  to  take  into  account  these  last  two  fac- 
tors. Unfortunately,  different  people  are  not  in  agreement  on  the  exact  mode  of  allowing  for 
this.  Nevertheless,  the  corrected  coefficient  of  heat  transmission  is  the  uncorrected  coeffi- 
cient reduced,  by  means  of  formulae  taking  into  account  these  two  factors,  to  a  value  which 
should  be  common  to  all  identical  vessels,  working  in  the  same  state  of  cleanness,  whatever 
be  the  steam  pressure  and  the  brix  of  the  juice. 

In  the  same  way  the  evaporation  coefficient  may  be  modified  to  give  a  corrected  specific 
evaporation  coefficient. 

Heat-transfer  coefficients  for  the  various  vessels.  In  calculations,  it  is  not  necessary  to  start 
from  corrected  coefficients.  Certain  manufacturing  firms  design  their  projects  by  assuming 
a  priori  a  certain  heat-transfer  coefficient  for  each  vessel  of  a  multiple  effect.  The  values  vary 
greatly  according  to  the  various  business  firms  and  their  respective  ideas.  Table  32.16  gives 
the  commonest  mean  values,  taking  scaling  into  account,  and  based  on  apparent  temperature 
drops. 

The  values  given  are  mean  and  conservative  figures,  to  be  adopted  for  design  purposes, 
and  are  often  exceeded  in  practice.  Webre67  gives  coefficients  ranging  from  6800 
kcal/h/m2/°C  (1,400  BTU/h/sq.ft./°F)for  first  vessels  heated  by  steam  at  115°C  (240°F), 
to  2200  (450)  for  last  vessels  heated  by  vapour  at  65°C  (150°F). 

We  do  not  recommend  the  use  of  these  uncorrected  heat-transfer  coefficients,  which  take 


572 


EVAPORATION 


Ch.  32 


into  account  neither  the  actual  brix  of  juice  in  the  vessel,  nor  the  actual  value  of  the 
temperature.  They  are  "omnibus"  coefficients  established  for  mean  values  of  these  two  fac- 
tors. Their  only  advantage  is  that  they  avoid  the  calculation  of  brix  figures  and  are  based 
on  apparent  temperature  drops,  which  simplifies  the  calculation. 

TABLE  32.16 

APPARENT  HEAT-TRANSFER  COEFFICIENTS 

f 1 )  Pre-evaporator  heated  by  direct  steam  at  2.5 -3.0  kg/cm2  (35  —  43  p.s.i.g.),  the  pressure  in  the  vessel  being 
approx.  0.5-0.7  kg/cm2  (7-9  p.s.i.g.):  3,000  kcal/m2/°C/h)  (600  B.T.U./sq.ft./°F/h). 

(2)  Multiple  effect. 
(kcal/m2/°C/h)  (B.  T.  U./sq.ft./°F/h) 


Triple 

Quadruple 

Quintuple 

Triple 

Quadruple 

Quintuple 

1st  vessel 

2,000-2,500 

2,000-2,400 

2,000  -  2,400 

400-500 

400-500 

400-500 

2nd  vessel 

1,500-1,800 

1 ,400  -  1 ,800 

1,400-1,800 

300-375 

275-375 

275-375 

3rd  vessel 

800-1,000 

1,000-1,400 

1,300-  1,500 

150-200 

200-275 

250-300 

4th  vessel 

600-  800 

800  - 1 ,000 

125-150 

150-200 

5th  vessel 

500-  600 

100-125 

Dessin  formula.  Conscious  of  these  disadvantages,  the  French  engineer  Dessin  proposed 
a  formula  permitting  the  evaporation  coefficient  to  be  calculated  for  any  vessel  of  a  multiple 
effect: 

C  =  O.OOl  (100 -W- 54)  (c=(1°°-f6^-  130>)  (32.3.) 

c    =  specific  evaporation  coefficient  for  the  evaporator,  in  kg  of  vapour/m2/°C/h 

(lb./sq.ft./°F/h)  (real  temperature  drop) 
B  =  brix  of  the  juice  leaving  the  vessel  (see  remark  below) 
T  =  temperature  of  the  heating  steam  in  the  calandria,  in  °C  (°F). 

Coutanceau,  in  Mauritius,  has  commented  that  it  is  more  logical  to  take  the  average  brix 
of  the  juice  in  the  vessel  rather  than  the  brix  of  the  juice  leaving,  and  that  results  obtained 
in  this  way  would  be  closer  to  the  truth.  We  have  adopted  this  point  of  view  as  correct,  and 
it  is  from  the  mean  brix  that  we  shall  calculate  the  evaporation  coefficients. 

This  formula  also  takes  into  account  the  effect  of  scale,  and  so  there  is  no  need  to  use 
another  coefficient  to  take  such  effects  into  account.  On  the  other  hand,  it  is  appropriate 
to  draw  attention  to  the  fact  that  the  formula  assumes  a  heat  transmission  appreciably  better 
than  that  corresponding  to  the  uncorrected  coefficients  of  Table  32.16.  If  it  is  desired  to  re- 
tain the  same  margin  of  safety,  it  is  necessary  to  replace  the  coefficient  of  0.001  by  0.0008 
or  0.0007  (or  the  divisor  16,000  by  20,000  or  23,000  in  the  formula  in  British  units). 

The  value  of  0.001  (divisor  16,000)  corresponds  to  good  normal  conditions  and  to  an  ap- 
paratus remaining  relatively  clean. 

A  value  of  0.0008  (20,000  for  the  divisor)  is  to  be  used  in  design  work,  in  order  to  allow 


HEATING  SURFACE 


573 


a  margin  of  safety  and  to  take  into  account  the  eventual  formation  of  rather  heavy  scale. 

The  value  0.0007  (divisor  23,000)  corresponds  to  a  multiple  effect  functioning  in  mediocre 
conditions  or  subject  to  rapid  scaling. 

Prc-evaporator.  A  formula  is  used  in  Puerto  Rico68  applicable  to  pre-evaporators: 

t  =  3.5  At  (T  =  0.4  At)  (32.32) 

T  =  evaporation  coefficient  of  the  pre-evaporator,  in  kg/m2/h  (lb./sq.ft./h) 

At  =  apparent  temperature  drop,  in  °C  (°F),  between  the  heating  steam  and  vapour  space. 

This  formula  is  very  conservative,  and  certainly  takes  into  account  the  average  scale  form- 
ed during  the  week.  One  could  now  generally  use: 

T  =  4.5  At  (T  =  0.5  At)  (32.33) 

Evaporation  coefficient  and  number  of  effects 

Suppose  we  have  a  triple  effect  with  3  vessels  of  equal  area,  and  that  we  change  it  into  a 
quadruple  by  the  addition  of  a  fourth  vessel  identical  with  the  preceding  ones,  without  alter- 
ing the  initial  steam  pressure  or  the  vacuum.  Knowing  the  work  of  the  vessels  as  a  triple,  what 
should  this  become  when  it  forms  a  quadruple? 

The  overall  temperature  drop  To  -  t  between  the  exhaust  steam  and  condenser,  remain- 
ing the  same,  will  distribute  itself  over  4  vessels  instead  of  3.  The  general  formula  (32.1)  for 
heat  transmission  also  shows  that,  if  the  mean  heat-transfer  coefficient  of  the  vessels  remains 
the  same,  which  is  generally  the  case  very  closely,  each  vessel  will  then  give  only  three- 
quarters  as  much  evaporation  as  it  gave  as  a  triple,  since  the  temperature  drop  under  which 
it  works  will  have  been  reduced  in  the  proportion  of  4  :  3.  If  each  vessel  previously  gave  as 
a  triple  4,000  kg  of  vapour  per  hour,  it  will  not  give  more  than  3,000  as  a  quadruple,  but 
the  total  evaporation  of  the  multiple  effect  will  remain  the  same,  since  it  is: 

As  a  triple:  3  X  4,000  =  12,000  kg/h 

As  a  quadruple:      4  X  3,000  =  12,000  kg/h 

In  other  words,  the  evaporation  coefficient  of  a  multiple  effect,  in  kg  of  water/h/m2of 
heating  surface,  for  a  given  total  temperature  drop,  and  for  the  same  individual  heating  sur- 
face per  vessel,  is  inversely  proportional  to  the  number  of  effects:  the  evaporation  coefficient 
of  a  quadruple  of  4  vessels  each  of  1,000  m2  will  be  three-quarters  of  that  of  a  triple  of  3 
vessels  each  of  the  same  heating  surface. 

Consequently,  the  total  evaporation  of  a  multiple  effect  depends,  not  on  its  total  heating 
surface,  but  on  the  individual  heating  surface  of  each  vessel. 

As  an  average  and  for  a  normal  degree  of  scaling,  we  may  estimate  that  the  total  quantity 
of  water,  in  kg  (lb.),  evaporated  per  hour  by  a  multiple  effect  with  vessels  of  equal  heating 
surface  is  equal  to  the  product  of  its  individual  heating  surface  per  vessel,  expressed  in  m2 
(sq.ft.),  multiplied  by  100  (20). 

If  it  is  desired  to  relate  the  performance  to  the  total  heating  surface  of  a  multiple  effect, 
estimates  may  be  based  on  the  evaporation  coefficients  given  in  Table  32.17. 
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EVAPORATION  COEFFICIENT  PER  UNIT  TOTAL  HEATING  SURFACE 


.  (kg/mVh) 

(ibJsq.ft/h) 

Single 

100 

20 

Double  effect 

50 

10 

Triple  effect 

33 

7 

Quadruple  effect 

25 

5 

Quintuple  effect 

20 

4 

These  coefficients  represent  good  values  for  design  and  estimating  purposes.  In  practice 
they  are  often  exceeded,  sometimes  by  more  than  50%. 


Vapour  bleeding.  If  the  evaporators  are  arranged  for  well-designed  vapour  bleeding  from 
the  earlier  vessels,  these  will  not  be  limited  so  closely  by  the  following  effects,  and,  since  their 
heat-transfer  coefficient  is  superior  to  the  average,  will  be  able  to  work  at  a  higher  rate  and 
so  improve  the  mean  evaporation  coefficient  for  the  set.  This  is  why  a  well-designed  multiple 
effect,  with  heating  surfaces  decreasing  and  very  unequal  for  the  different  vessels,  and  conse- 
quently with  heavy  vapour  bleeding  from  the  earlier  vessels,  can  more  easily  attain  very 
satisfactory  average  evaporation  coefficients. 

Variation  of  evaporation  coefficient  with  temperature  limits.  For  a  very  similar  reason,  the 
increase  in  evaporation  is  by  no  means  the  same  for  an  increase  in  the  overall  temperature 
drop  TO  -  ty,  under  which  the  multiple  effect  is  operating,  according  as  this  increase  is 
made  at  the  lower  limit  or  at  the  upper  limit. 

Let  us  consider  a  normal  temperature  drop  of  65°C  (117°F)  obtained  with: 

t   —  nn»r  ) 

(A)  \  To  -  tv  =  65°C  (117°F) 

V  ' 

If  we  increase  this  temperature  drop  by  1°  at  the  lower  limit,  say: 

nr.  —  nn»r  1 

(B)  ~  I  To  -  tv  =  66°C(119°F) 

v  J 

the  increase  will  show  its  effects  almost  entirely  on  the  temperatures  in  the  last  vessel,  a  little 
less  on  those  of  the  preceding  one,  and  hardly  at  all  on  the  first. 
Conversely,  if  we  increase  the  temperature  drop  by  1°  at  the  upper  limit,  so  that  we  have: 

(Q  %  "  ,'M0^      I  To  -  t,  =  66°C(119°F) 


it  is  the  temperature  of  the  1st  vessel  that  will  increase  by  1°  or  near  it,  and  the  last  which 
will  be  scarcely  affected. 
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Taking  numerical  values  for  example,  let  us  assume  the  case  of  a  quadruple,  and  that  the 
temperatures  reach  equilibrium  at  the  following  figures  for  the  3  cases  concerned: 


Temperatures  f°Q 


A 

B 

C 

Exhaust  steam 

120 

120 

121 

Vapour  from  1st  vessel 

111 

110.9 

111.9 

Vapour  from  2nd  vessel 

[00 

99.8 

100.8 

Vapour  from  3rd  vessel 

85 

84.6 

85.6 

Vapour  from  4th  vessel 

55 

54 

55 

Let  us  assume  finally  that  the  brix  figures  and  the  temperature  drops  in  each  vessel  are  as 
given  in  Table  32.18. 


TABLE  32.18 


Brix  of  juice  Temperature  drop,  A  t  (°C) 


Apparent  True 


Entering 

Leaving 

Mean 

A 

B&C 

B.P.E 

A 

B&C 

1st  vessel 

12 

18 

15 

9 

9.1 

0.8 

8.2 

8.3 

2nd  vessel 

18 

26 

22 

11 

11.1 

1.3 

9.7 

9.8 

3rd  vessel 

26 

32 

29 

15 

15.2 

2 

13 

13.2 

4th  vessel 

32 

64 

48 

30 

30.6 

6.3 

23.7 

24.3 

The  Dessin  formula  gives: 


Case  (A) 


1st 

2nd 

3rd 

4th 

A  verage 

vessel 

vessel 

vessel 

vessel 

(kg/m2/h} 

.  Evaporation  coefficient  c 

5.61 

4.45 

3.27 

1.61 

Evaporation  per  m2/h 

46 

43.2 

42.5 

38.2 

42.7 

Evaporation  coefficient  c 

5.61 

4.44 

3.25 

1.59 

Evaporation  per  m2/h 

46.6 

43.5 

42.9 

38.6 

43.1 

Evaporation  coefficient  c 

5.69 

4.52 

3.32 

1.64 

Evaporation  per  mVh 

47.2 

44.3 

43.8 

39.9 

44 

We  see  that  an  increase  of  1  °  =  1.5%  at  the  high  end  of  the  temperature  scale  produces 
an  increase  in  evaporation  of: 


44  -  A 
~  42.7 


=  3% 
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whereas  an  equal  gain  on  the  vacuum  end  produces  a  gain  of  only: 

43  1      -  427 

-  _  =  m 

427 

or  j  as  much. 

It  is  easily  seen  that  this  difference  is  due  to  the  fact  that,  when  the  vacuum  is  increased, 
the  pressure  in  the  calandrias  is  decreased  and  consequently  the  heat-transfer  coefficient  in 
each  vessel  is  decreased,  and  this  partly  offsets  the  gain  due  to  the  increased  temperature 
drop;  whereas  when  the  pressure  at  the  steam  end  is  increased,  the  coefficients  are  increased 
and  this  effect  is  added  to  the  gain  in  the  overall  temperature  drop. 

Choice  of  number  of  effects 

From  the  point  of  view  of  steam  economy,  it  is  obviously  of  interest  that  the  number  of  ef- 
fects should  be  as  high  as  possible.  Why  then  is  the  number  of  effects  generally  limited  to 
3,  4  or  5? 
This  is  due  to  four  principal  causes: 

(7)  The  capacity  of  a  multiple  effect  being  determined  by  the  individual  surface  of  its 
vessels,  its  cost  will  be  approximately  proportional  to  the  number  of  effects. 

(2)  In  changing  from  a  set  of  the  order  of  n  —  1  to  a  multiple  set  of  the  order  of  n,  the 
saving  in  steam  consumption  effected  has  the  value: 

Q'  -  Q  =  -  F  =  —rE-^  <3234) 

n  -  1     n     n  (n  -  \) 

As  a  ratio  of  the  previous  steam  consumption,  this  saving  represents: 

E 

Q>  ~  Q_nAn^)  _  1    ^    100  % 
Q  E  n  n 

This  therefore  decreases  rapidly  with  the  number  of  effects. 

(3)  It  is  relatively  simpler  and  less  expensive  to  increase  the  number  of  effects  by  the  in- 
stallation of  a  thermo-compressor,  which  at  the  same  time  takes  up  less  space. 

(4)  Losses  by  radiation  and  convection  are  approximately  proportional  to  the  number  of 
vessels,  that  is,  to  the  number  of  effects.  Further,  the  loss  in  temperature  drop  due  to  boiling- 
point  elevation  increases  with  the  number  of  effects.  It  is  already  almost  equal  in  the  last 
vessel  of  a  multiple  effect  to  that  which  would  occur  with  single  effect.  The  analogous  loss 
due  to  hydrostatic  pressure  similarly  increases  with  the  number  of  effects.  Finally,  these  three 
losses  contribute  to  reduce  rapidly  the  theoretical  gain  to  be  obtained  by  the  addition  of  a 
further  effect. 

Table  32.19  gives  an  example  of  the  losses  in  temperature  drop  which  can  be  experienced 
with  a  modern  evaporator  set  (b  =  due  to  brix;  h  =  due  to  hydrostatic  pressure;  t  —  total). 
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TABLE  32.19 


LOSS  OF  TEMPERATURE  DROP  IN  MULTIPLE  EFFECT  (b   +  h  =  t) 


Triple 

effect 

Quadruple 

effect 

Quintuple 

effect 

1st 

effect 

0.2  +  0.8 
(0.4+  1.4 

=    1  °C 
=  1.8°F) 

0.2  +  0.6  = 

(0.4  +  l.;  - 

0.8°.C 
1.5°  F) 

0.2  + 
(0.4  + 

0.6  = 
1.1  = 

0.8°C 
1.5°F) 

2nd 

ettect 

0.5  +  1.3 
(0.9+  2,3 

=  1.8°C 
=  3.2°F) 

0.4  +  0,.9  = 
(0.7   +  1.6  = 

1.3°C 
2.3°F) 

0.3  + 
(0.5  + 

0.8  = 

1.4  = 

1.1  °c 
1.9°F) 

3rd 

effect 

1.9  +  4. 1 
(3.4+  7.4 

=    6  °C 
=  10.8°F) 

0.7  +  1,.4  = 
(1.3   +  2,.5  = 

2.8°C 
3.8°F) 

0.6  + 
(1.1  + 

1  = 

2.8  = 

1.6°C 
2.9°F) 

4th 

effect 

1.9  +  4..2  = 
(3.4  +  7..6  = 

6.1°C 
11.0°F) 

1.0  + 
(1.8  + 

1.7  = 

3.1  = 

2.7°C 
4.9°F) 

5th 

effect 

2.5  + 
(4.5  + 

4.2  = 
7.6  = 

6.7°C 
12.1°F) 

This  small  table  has  been  compiled  on  the  assumptions:  T0  =  1 15  -  120°C  (240-250°F), 
tv  =  55°C  (131  "F),  height  of  calandria  =  1.8-2.1  m  (6-7  ft.),  with  typical  vapour 
bleeding  and  heat  balance. 

The  total  temperature  drop  is  therefore  reduced  in  the  proportions  shown  in  Table  32.20. 

TABLE  32.20 


LOSS  IN  TOTAL  TEMPERATURE  DROP 


Total 

Loss 

Net 

Loss 

%  of  drop 

drop 

drop 

Total 

Previous  net 

(°Q 

(°F) 

CQ 

(°F) 

CQ 

(°F) 

Triple  effect 

63 

114 

8.8 

15.8 

54.2 

98.2 

1  3.S> 

Quadruple  effect 

63 

114 

10.3 

18.6 

52.7 

95.4 

2.8 

Quintuple  effect 

63 

114 

12.9 

23.2 

50.1 

90.8 

^<  ).  1 

4.9 

In  order  to  increase  from  a  quintuple  to  a  sextuple  effect,  it  would  thus  be  necessary  to 
tolerate  in  the  same  way  a  further  loss  of  more  than  7%  in  the  capacity  of  the  equipment, 
although  it  is  increased  by  one  vessel.  To  this  loss  in  capacity  must  be  added  the  losses  of 
heat  by  radiation  and  convection,  which  themselves  increase  with  the  number  of  effects:  e.g. 
2%,  5%  and  9%  for  triple,  quadruple  and  quintuple  respectively.  It  is  seen  that  the  expense 
of  a  supplementary  effect  becomes  very  difficult  to  pay  off. 

In  practice,  a  substantial  gain  is  made  by  increasing  from  a  triple  to  a  quadruple  and  a 
further  attractive  gain  from  a  quadruple  to  a  quintuple,  for  large  factories.  Very  approx- 
imately, we  would  install: 
A  triple  in  factories  of  less  than  50  t.c.h. 
A  quadruple  in  factories  of  50-200  t.c.h. 
A  quintuple  in  factories  of  more  than  200  t.c.h. 
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Sextuple  effects  are  quite  exceptional  and  would  not  be  definitely  payable,  even  in  a  very 
large  factory,  under  normal  conditions. 

Comments.  (7)  Height  of  tubes.  We  would  comment  that  the  loss  suffered  by  the 
temperature  drop  is  due  mainly  to  the  hydrostatic  pressure,  and  increases  with  the  length  of 
the  tubes.  In  other  words,  there  is  proportionately  less  advantage  in  increasing  the  number 
of  effects  if  the  tubes  are  longer. 

(2)  Evaporation  coefficient.  The  consideration  of  the  losses  above  leads  to  a  modification 
of  the  theoretical  Table  32.17.  Taking  this  into  account,  and  increasing  by  20%  to  obtain 
analogous  evaporation  coefficients,  corresponding  to  current  values,  we  would  have  the 
figures  given  in  Table  32.21. 

These  figures,  however,  represent  only  mean  and  conservative  values  to  be  adopted  for 
preliminary  design  figures,  but  frequently  exceeded  in  practice. 


TABLE  32.21 


evaporation  coefficient,  in  kg/m2/h  (lb./sq.ft./h) 


Length  of  tubes 


2.4  m  (8  ft.)  1.5  m  (5  ft.) 


Single  effect  120  (24   )  125  (25  ) 

Double  effect  58  (11.6)  60  (12  ) 

Triple  effect  37  (  7.4)  39  (  7.8) 

Quadruple  effect  27  (  5.4)  28  (  5.6) 

Quintuple  effect  20  (  4  )  22  (  4.4) 


TABLE  32.22 


PRACTICAL  EVAPORATION  COEFFICIENTS  (WEBRE) 


To 

t 

Evap.  coeff. 

To 

t 

V 

Evap.  coeff. 

CQ 

.  * 

(kg/myh) 

CF) 

(lb./sq.ft./h) 

Ordinary  triple  effect 

108 

52 

51 

111 

125 

10.5 

Ordinary  quadruple  effect 

108 

52 

39 

227 

125 

8 

Ordinary  quintuple  effect 

108 

52 

29 

225 

125 

6 

Pressure  double  effect 

123 

102 

32 

253 

216 

6.5 

Pressure  triple  effect 

123 

102 

22 

253 

216 

4.5 

Pauly  or  pre-evaporator 

29-39 

6-8 

Webre  has  indicated  evaporation  coefficients  which  he  considered  normal,  and  Table 
32.22  shows  figures  he  has  given  more  recently70. 

These  values  are  about  30%  higher  than  those  of  Table  32.21. 
Birkett70ar  in  Louisiana,  gives  values  very  close  to  those  of  Webre: 
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Triple  effect:  54  kg/mV°C/h  (11  lb./sq.ft./°F/h) 
Quadruple  effect:  39  kg/mV°C/h  (  8  lb./sq.ft./°F/h) 
Quintuple  effect:     29  kg/mV°C/h         (  6  lb./sq.ft./°F/h) 


CALCULATIONS  AND  DESIGN  OF  A  MULTIPLE  EFFECT 

Distribution  of  pressure  drop 

When  a  design  is  made  of  an  entirely  new  multiple-effect  installation,  and  when  all  the  condi- 
tions of  operation  are  therefore  under  control,  the  heating  surfaces  and  the  respective 
temperature  drops  for  the  vessels  would  be  determined  after  a  calculation  of  the  maximum 
economy;  this  calculation  will  be  discussed  later. 

However,  the  results  of  such  a  calculation  are  not  always  acceptable,  and  must  sometimes 
be  modified  in  order  to  allow  for  certain  secondary  considerations  which  necessitate  a  depar- 
ture from  the  conditions  calculated  for  maximum  economy. 

One  of  these  considerations  is  the  following:  it  is  important  to  distribute  the  total  pressure 
drop  of  a  multiple  effect  between  the  vessels  in  such  a  way  that  the  individual  pressure  drops 
under  which  the  different  vessels  are  working  are  approximately  equal,  but  decrease  slightly 
from  the  first  to  the  last  vessel. 

The  objects  of  this  equalisation  of  pressure  drops  are  to  give  uniform  heights  of  siphon 
between  vessels,  to  avoid  withdrawals  of  juice,  water  or  incondensable  gases  too  great  in  cer- 
tain vessels  and  too  small  in  others,  and  above  all  to  avoid  risks  of  entrainment  which  would 
be  caused  by  giving  the  earlier  vessels  too  high  a  pressure  drop.  Such  risks  are  reduced  by 
equalising  the  pressure  drops  as  much  as  possible.  And  it  is  because  risks  of  entrainment  in- 
crease from  the  first  to  the  last  vessel  that  a  scale  of  pressure  drops  is  adopted  decreasing 
slightly  rather  than  drops  which  are  rigorously  equal. 

TABLE  32.23 


DISTRIBUTION  OF  PRESSURE  DROP  BETWEEN  VESSELS 


11  ' 

10  9 

Triple  effect 

30  + 

30  30 

Quadruple  effect 

11 

10.3  9.7 

9 

t- 

+ 

40  ~ 

40  40 

40 

Quintuple  effect 

11 

10.510 

9.5  9 

+  -  -  +  — 

50 

50  50 

50  50 

Values  to  be  adopted.  If  the  above  principle  could  be  followed  entirely,  the  total  pressure 
drop  could  be  distributed  as  shown  in  Table  32.23.  In  the  case  where  the  overall  temperature 
drop  is  120°  -  55°  =  65°C  (117°F),  this  would  give  the  absolute  pressures  and  the  cor- 
responding temperatures  shown  in  Table  32.24. 

Vapour  available  at  each  effect 

This  scale  of  pressures  leads  us  to  a  very  interesting  conception,  that  of  the  weight  of  vapour 
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available  in  the  various  vessels  of  a  given  multiple  effect.  This  idea  is  very  useful  for  giving 
a  rapid  immediate  idea  of  the  possibilities  of  vapour  bleeding  from  an  existing  set. 

The  optimum  pressure  drops  being  fixed  according  to  the  foregoing  principle,  the  intervals 
of  temperature  are  deduced  from  these.  The  temperature  drops  under  which  the  different 
vessels  operate  do  not  vary  greatly  when  the  upper  and  lower  limits  of  temperature  7o  and 
tv  alter,  provided  of  course  that  it  is  a  case  of  a  standard  multiple  effect,  working  between 
a  back-pressure  of  0.5  -  1.5  kg/cm2  (7-20  p.s.i.)  and  a  vacuum  of  61  cm  (24  in.)  of  mercury. 

Assuming  a  normal  brix  for  each  vessel,  and  basing  our  calculations  on  the  exact 
temperatures  corresponding  to  the  above  pressures,  the  application  of  the  Dessin  formula 
(coefficient  0.0008)  gives  the  figures  for  evaporation  capacity  shown  in  Table  32.25. 

TABLE  32.24 


PRESSURE  AND  TEMPERATURE  DROPS,  IN  °C  AND  kg/cm2  (°F,  p.S.i.a.) 

(T0  =  120°C  (248°F);  t   =  55°C  (131°F);  pressure  distribution  as  Table  32.23) 


Steam 

1st  effect 

2nd  effect 

3rd  effect 

4th  effect 

5th  effect 

t,  ■  ,     «   .  Pressure 
Triple  effect  _ 

Temperature 

2.0  (28.8) 
120°  (248°) 

1.3  (19) 
107°  (225°) 

0.7  (10.2) 
90°  (194°) 

0.16  (2.3) 
55°(131°) 

Quadruple  Pressure 
effect  Temperature 

2.0  (28.8) 
120°  (248°) 

1.5  (21.5) 
111°  (232°) 

1.0  (14.5) 
100°  (212°) 

0.58  (8.2) 

85°  (185°) 

0.16  (2.3) 
55°  (131°) 

Quintuple  Pressure 
effect  Temperature 

2.0  (28.8) 
120°  (248°) 

1.6  (23) 
113°  (235°) 

1.2(17.4) 
105°  (221°) 

0.85(12.1) 

95°  (203°) 

0.5  (7) 

80°  (175°) 

0.16  (2.3) 

55°  (131°) 

TABLE  32.25 

EVAPORATION  CAPACITY  OF  THE  SEVERAL  VESSELS  OF  A  MULTIPLE  EFFECT  WORKING  UNDER  THE  CONDITIONS  OF 

TABLE  32.24,  IN  kg/m2/h  (lb./sq.ft./h)  (decreasing  pressure  drops) 

1st  vessel 

2nd  vessel 

3rd  vessel 

4th  vessel 

5th  vessel 

Triple  effect 
Quadruple  effect 
Quintuple  effect 

53  (11  ) 

37(7.6) 
28(5.7) 

48  (9.8) 
35  (7.2) 
26(5.3) 

43  (8.8) 
32  (6.6) 
25  (5.1) 

28  (5.7) 
25  (5.1) 

17(3.5) 

If  a  multiple  effect  were  available  working  between  the  temperature  limits  of  112°  and 
55°C  (234°  and  131°F)  (instead  of  120°C  and  55°C),  with  a  slightly  lower  brix,  it  would  be 
possible  to  obtain  slightly  different  values.  These  are  shown  as  follows,  calculated  from  a 
coefficient  of  0.001  so  as  to  render  them  more  comparable  with  the  preceding  figures;  units 
are  kg/mVh  (in  brackets,  lb./sq.ft./h): 

Triple:  50  (10  )        47  (9.5)        38  (7.8) 

Quadruple:     35  ( 7.2)        33  (6.8)        29  (6  )        23  (4.7) 

Quintuple:      26(  5.3)        25  (5.1)        23  (4.7)        21  (4.3)        16  (3.3) 

Frequently,  with  quadruple  and  quintuple  effects,  the  possibilities  of  the  second  last  vessel 
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are  not  utilised,  as  it  is  considered  that  it  is  not  worth  the  trouble.  In  this  case,  the  two  latter 
vessels  will  adjust  themselves  automatically,  and  Table  32.25,  for  example,  becomes  (units 
as  above): 

Quadruple:       37  (7.6)        35  (7.2)        30  (6.2)        30  (6.2) 

Quintuple:       28  (5.7)        26  (5.3)        25  (5.1)        21  (4.3)       21  (4.3) 

Thus  the  vapour  available  from  the  antepenultimate  vessel  is  considerably  increased. 

Example.  Two  quadruple  effects  each  with  four  equal  vessels,  one  of  500  m2,  the  other 
of  5,000  sq.ft.  each,  working  between  120  and  55°C  (248  and  131°F),  would  be  able  to  fur- 
nish the  quantities  for  bleeding  as  shown  in  Table  32.26. 


TABLE  32.26 


DISTRIBUTION  OF  VAPOUR  IN  A  QUADRUPLE 


Vessels  of  500  m2  Vessels  of  5,000  sq.ft. 

Evap.         Total  Available  Evap.  Total  Available 

rate         evap.  rate  evap. 

(kg/mVh)    (kg/h)  (kg/h)  (Ib./sq.ftJh)  (Ib./h)  (Ib./h) 


1st 

effect 

37 

18,500 

1,000 

7.6 

38,000 

2,000 

2nd 

effect 

35 

17,500 

1,500 

7.2 

36,000 

3,000 

3rd 

effect 

32 

16,000 

2,000 

6.6 

33,000 

4,500 

4th 

effect 

28 

14,000 

14,000 

5.7 

28,500 

28,500 

Comment.  Evaporation  coefficients  and  number  of  effects.  We  have  already  passed  from 
the  theoretical  Table  32.17  to  Table  32.21  by  the  consideration  of  losses.  If  we  accept  the 
Dessin  formula  (which  is  approximate,  but  gives  an  acceptable  approximation),  the  figures 
of  Table  32.25,  for  example,  show  that  the  advantage  of  the  triple  effect  over  the  quadruple, 
and  of  the  quadruple  over  the  quintuple,  is  still  more  marked  than  Table  32.21  indicated. 
Actually,  addition  of  the  capacities  of  Table  32.25  (for  example,  adjusted  to  a  coefficient  of 
0.000812  (denominator  of  19,700),  and  related  to  the  total  surface  of  the  multiple  effect 
(assumed  of  equal  vessels))  gives: 

^  .  ,     cc              0.000812      53  +  48  +  43 
Triple  effect:  x  = 

=  0.812  X  y4  -  39  kg/mVh  (8  Ib./sq.ft./h) 

0.000812v    37  +  35  +  32  +  28 
Quadruple  effect:  o~C>0~T  A  = 


=  0.812  X  ^—  =  26.8  kg/mVh  (5.5  Ib./sq.ft./h) 
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,  .  , _         0.000812      28  +  26  +  25  +  25  +  17 

Quintuple  effect:  x  —  ~  ~  —  = 

(>_(>(>  1  5 

=  0.812  x  =  19.7  kg/m2/h  (4  lb./sq.ft./h) 


This  limits  the  number  of  effects  even  sooner  than  the  remarks  made  after  Table  32.20 
would  lead  one  to  suppose. 

Determination  of  heating  surface  of  the  vessels 

It  is  possible  to  obtain  from  each  vessel  of  a  multiple  effect  practically  any  rate  of  evapora- 
tion, provided  it  is  given  the  necessary  heating  surface,  corresponding  to  the  pressure  of  the 
vapour  which  heats  it,  to  the  brix  of  the  juice  in  it,  to  the  temperature  drop  under  which  it 
is  operating,  etc. 

But  it  is  apparent  that  the  heating  surfaces  of  the  different  vessels  should  be  proportioned 
in  a  logical  manner,  and  the  most  logical  is  to  have  a  total  heating  surface  for  the  multiple 
effect  which  is  a  minimum. 


Proportioning  to  obtain  a  minimum  total  surface 

We  shall  seek  then  to  find  how  the  vessels  should  be  proportioned  in  order  to  arrive  at  a 
minimum  total  heating  surface. 

We  shall  assume  the  general  case  of  a  multiple  effect  of  n  vessels,  with  vapour  bleeding. 

Let; 

Si,       Si,       Ss  be  the  respective  heating  surfaces  of  the  n  vessels 
Ai,  A2,  A3,      An  be  the  net  temperature  drops  in  the  n  vessels 
d\,  di,  d3, dn  be  the  boiling-point  elevations 

A/,  A2,  A3',      A '  be  the  corresponding  apparent  temperature  drops:  A '  =  A  +  d 
c\  C2,  Cif       cn    be  the  real  specific  evaporation  coefficients  for  the  n  vessels 
Q\,  Q2,  #3,  '"»  qn  be  the  quantities  of  water  evaporated  by  the  n  vessels 
b\  bz,  bi,       bn   be  the  mean  brix  values  of  the  juice  in  these  vessels. 

These  quantities  could  be  expressed  in  either  metric  or  British  units,  since  the  only  quantity 
affected  by  the  system  of  units  is  the  numerical  basic  temperature  in  the  Dessin  formula,  and 
even  this  is  eliminated  from  the  calculation;  hence  the  calculations  are  entirely  independent 
of  the  system  of  units  employed. 

The  quantities  of  water  evaporated  by  the  different  vessels  are  respectively: 

qx  =  CiSiAi       q2  =  C2S2A2       ...       qn  =  cnSnAn 

and: 

qx  +  q2  +  qi  +  ...  +  qn  =  Q 

Q,  being  the  total  quantity  of  water  to  be  evaporated,  is  part  of  the  essential  data  for  the 
problem;  and: 
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A{  +  A{  +  A{  +  ...  +  A;  =  A' 
Ai  +  A2  +  A3  +  ...  +    An  =  A 

A  '  being  the  total  apparent  temperature  drop  and  A  the  net  drop  between  exhaust  steam  and 
condenser.  Once  the  length  of  the  tubes  is  chosen,  A  may  be  considered  as  part  of  the  fun- 
damental data  as  well  as  A  ' ,  since  (1)  the  brix  values  depend  on  the  respective  q  values,  which 
are  assumed  given,  and  (2)  the  various  d  values  depend  entirely  on  the  brix  values  and  the 
lengths  of  the  tubes. 

We  shall  first  study  the  proportioning  of  the  first  vessel  in  relation  to  the  remainder, 
assuming  tentatively  that  the  other  vessels  are  already  properly  proportioned  between 
themselves,  and  that  the  condition  at  which  we  shall  arrive  will  be  such  that  these  proportions 
do  not  vary  when  the  surface  of  the  first  vessel  varies.  We  shall  return  later  to  this  hypothesis. 

To  simplify  the  calculations,  we  shall  assume  that  the  boiling-point  elevations  d  are  pro- 
portional to  the  temperature  drops  A,  which  is  approximately  true,  particularly  if  the  last  ef- 
fect is  not  considered,  the  figure  for  which  (rffl)is  not  required  for  our  illustration.  We  may 
thus  assume: 

Ai  =  mA         A{  =  m A  ' 

then: 

A2  =  k2  (1  -  m)  A  A{  =  k2  (1  -  m)  A' 
A)  =  ki  (1  -  m)  A        A3  =  ki  (1  -  m)  A ' 


An  =  kn  (1  -  m)  A         A;  =  kn  (1  -  m)  A' 

kz,  k3,  ki,  kn  being  the  coefficients  of  proportionality  for  the  temperature  drops  of  the 
other  vessels  among  themselves,  the  relative  values  of  which  do  not  vary  when  m  varies. 

Finally,  we  shall  postulate  that  the  basic  temperature  of  the  Dessin  formula  (54°C;  130°F) 
may  be  substituted  for  the  temperature  corresponding  to  the  vacuum  (which  is  always  only 
slightly  different  from  the  truth,  and  which  will  enable  us  to  avoid  using  a  figure  for  the  dif- 
ference e  between  these  two  temperatures). 

The  surface  of  the  1st  vessel  has  a  value: 

5,  =    =   

CiAi  c\mA 

and  from  the  Dessin  formula: 


d  =  O.OOl  (100  -       (To  -  54)  =  a,  A' 


By  substituting: 


0.001  (100  -  bi)  =  oi 
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then: 

Similarly: 

C2A2 

and: 

c2  =  O.OOl  (100  -  f>a)(A'  -  AO  =  o2(A'  -  A,')  =  a2A'  (1  -  m) 


or: 


a-  ?i 


In  the  same  way: 


a2k2  (1  -  mY  AA ' 


S3  =  93 


C3A3 
and: 

c3  =  oj  (A '  -  A,'  -  A2')  =  a3  [A'  -  mA'  -  k2  (1  -  w)A'  ]  =  a3A'  (1  -  Ar2)  (1  -  m) 
or: 

<7s 


S3  = 


ffjfo  (1   -  kz)  (1   -  w)2  AA' 
In  general: 

s  -  *  

<*,*,(!  -  A:2  -  k3  -  ...  -  £_,)(!  -m)2AA' 

Finally,  the  total  heating  surface  S  of  the  multiple  effect  will  have  the  value: 

S  —  Si  +  S2  +  S3  +  ...  +  S 
If  we  seek  its  minimum  value,  when  m  varies,  we  should  write: 

dS     dS,      dS2     dS3  AC„ 

—  =    —  +  - —  +  -A—  -+-  ...  +  ~-  =  0 
dm      dm      am      am  am 
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or: 


(Ji        +  2q2  2qi 

cAA'w2      a2Ar2AA'(l  -  m)3  (1  -  k2)  AA '  (1  -  m)3 

2q 

+  ...  +  I?  


a  k  (1  -  fa  -  fa  -  ...  -        ,)  AA  '  (1  -  m)3 


or: 


S,        2S2  2S3  2S 

+  ...  + 


w       1  -  m     \  -  m  \  -  m 

2m  Si 


Thus,  with  net  drops: 


1  -  m     S2  +  S)  +  ...  +  Sn 


2A, 


S2  +  S3  +  ...  +  Sn     A2  +  A3  +  ...  +  An 
Or,  with  apparent  drops: 


(32.35) 


2  A; 


S2  +  S3  +  ...  +  S      A2  +  A3  +  ...  +  A' 


(32.36) 


In  other  words:  To  obtain  a  minimal  heating  surface  for  the  multiple  effect,  the  ratio  of 
the  heating  surface  of  a  vessel  to  the  sum  of  the  heating  surfaces  of  the  following  vessels  is 
twice  the  ratio  of  the  temperature  drop  for  that  vessel  to  the  sum  of  the  temperature  drops 
of  the  following  vessels. 

If  we  substitute: 


Qx  ~  t     Ql  -  t  q"  -  t 

—  —  fi    —  —  ti    ...    —  —  t„ 

Ci  c2  cn 

we  have: 

/,  t->  t_ 

S,  =  —    S2  =  —    ...    S   =  —  (32.37) 
Ai  A2  An 

and  these  equations  show  that,  in  eqn.  (32.35),  we  may  substitute  f/A  for  S  in  each  case. 

Having  thus  fixed  the  optimum  values  of  Si  and  Ai,  it  remains  to  find  the  optimum  value 
of  the  heating  surfaces  and  the  temperature  drops,  for  the  other  vessels.  But  it  is  easy  to  see 
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that  once  the  1st  vessel  is  fixed,  the  2nd  vessel  becomes,  in  relation  to  the  following  ones, 
virtually  a  1st  vessel,  in  the  sense  that  its  coefficient  c  becomes  fixed  in  its  turn.  It  is  just  as 
if  we  were  dealing  with  a  multiple  effect  of  the  order  n  -  1  and  a  total  temperature  drop 
of  A  -  Ai.  The  calculation  would  follow  an  identical  pattern,  and  we  should  find  in  the  same 
way: 


2A2 


S3  +  54  +  ...  +  Sn      Ai  +  A4  +  ...  +  An 
and  so  in  turn,  for  the  double  effect  formed  by  the  last  two  vessels: 


2A  , 


Case  of  a  quadruple.  In  the  case  of  a  quadruple,  for  example,  we  have: 


t 


t 


2 


Now  let: 


From  (32.42)  we  have: 


(32.38) 


(32.39) 


Si  2Ai  Ai  2Ai 

  =  or   -   -   (32.40) 

S2  +  S3  +  S4      A2  +  A3  +  A4  t2       ti       ti      A2  +  A3  +  A4 

 h  —  +  — 

A2      A3  A4 


S2  2A2  A2  2A2 

or   =   (32.41) 


S3  +  S4      A3  +  A4  ti       t*      A3  +  A4 

A3  A4 


»  .  «   *  =  (32.42, 

ij4  A4  ?4  A4 


Ai  +  A2  +  A3  +  A4  =  A  (32.43) 


A  Ai  A2  A3 

Ai  A2  A3  A4 


At  / 

r4  =       =  (32.44) 
A4 
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that  once  the  1st  vessel  is  fixed,  the  2nd  vessel  becomes,  in  relation  to  the  following  ones, 
virtually  a  1st  vessel,  in  the  sense  that  its  coefficient  c  becomes  fixed  in  its  turn.  It  is  just  as 
if  we  were  dealing  with  a  multiple  effect  of  the  order  n  —  \  and  a  total  temperature  drop 
of  A  -  Ai.  The  calculation  would  follow  an  identical  pattern,  and  we  should  find  in  the  same 
way: 


2A2 


S}  +  S4  +  ...  -f  A'       As  4-  A4  4-  ...  4-  A 

n  ^  n 

and  so  in  turn,  for  the  double  effect  formed  by  the  last  two  vessels: 


S  ?  A 


n  n 


Case  of  a  quadruple.  In  the  case  of  a  quadruple,  for  example,  we  have: 


t 


S2  +  Si  +  S4      A2  +  A3  +  A4  ti       ti       tt      A2  +  As  +  A4 

—  +  —  +  — 
A2      As  A4 


t 


2 


(32.38) 


(32.39) 


Sl  2Al  or        _     Al  =-  -   (32.40) 


52  2A2  A2  2A2  /mm..x 

 —  =  or  =   '(51.41) 

S3  +  54      A3  +  A4  /3       U      A3  +  A4 

  -L- 

A3  A4 


S3 
S4 


2A3 


or 


A3 


2  A3 
A4 


(32.42) 


Ai  +  A2  +  As  +  A4  =  A 


(32.43) 


Now  let: 


A  Ai  A2 

ri  =  —    r2  =  —   r3  =  --  r4 
Ai  A2  As 


As 
A^ 


From  (32.42)  we  have: 


/•4 


A, 


(32.44) 
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Substituting  for  A4  in  (32.41): 


"  =  ~  =    1^7^—.  (32.45) 


A 


3 


Substituting  in  (32.40): 


/f1  +  I  +  -LU 

r,-±=    /-V  J??!—  (32.46) 


Finally,  (32.43)  gives: 


r,  =  A  =  1  +  I  +    —  -  +   (32.47) 

Ai  rz      r2ri  rir^r^ 

These  last  four  equations  permit  the  four  A  values  to  be  calculated  by  a  reduction  formula. 
The  application  of  this  is  very  rapid:  we  shall  give  an  example  of  it  later  (p.  591). 

Case  of  a  triple.  The  value  of  the  corresponding  expressions  is  obtained  very  readily,  by 
a  change  of  the  indices,  in  the  case  of  a  triple  or  a  quintuple  effect.  For  the  triple,  for  exam- 
ple, we  have: 

n  =  _  =  1  +  1  +  J_  (32.48) 
Ai  r2  r2ri 


r2  =  a;  -  Jrvrn^D  <3149) 


r3  =  —  =   /—  (32.50) 
A3      V  2/3 

Comment.  We  may  now  establish  that  the  hypothesis  on  which  our  reasoning  was  based 
(cf.  p.  583)  was  correct:  the  condition  of  optimum  proportion  between  the  vessels  following 
the  1st,  at  which  we  have  arrived,  is  such  that  their  temperature  drops  remain  proportional 
between  themselves  when  the  temperature  drop  of  the  1  st  varies.  Actually,  if  our  reasoning 
had  been  made  for  the  case  of  a  quintuple,  for  example,  and  if,  in  conditions  such  as  (32.40) 
to  (32.43),  assumed  to  apply  to  the  last  4  vessels  of  this  quintuple,  the  temperature  drop  A 
became  XA,  all  the  conditions  would  remain  unchanged  when  Ai  was  replaced  by  XAi,  A2  by 
XA2,  etc.,  since  the  coefficients  X  could  then  be  placed  as  a  factor  in  the  numerator  and 
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denominator  in  the  second  term  of  expressions  (32.40)  to  (32.42)  and  in  both  sides  of  eqn. 
(32.43). 


There  are  several  methods  of  calculating  for  the  design  of  a  multiple  effect.  We  shall  study 
the  simplest  case,  and  then  give  the  more  important  variations  of  this. 

To  give  definite  values  and  to  simplify  the  exposition  we  shall  treat  a  concrete  case. 

Calculations  are  given  in  the  metric  system,  with  the  main  results  given  in  brackets  in  the 
British  system.  Full  calculations  for  the  same  example  are  given  in  British  units  in  the  second 
edition,  pp.  578  ff. 

(A)  Normal  scale  of  pressures 

Data.  We  wish  to  calculate  a  complete  quadruple  effect  for  a  sugar  factory,  operating  under 
the  following  conditions: 


Procedure  to  be  followed,  (a)  Calculation  of  total  evaporation.  The  total  quantity  of  water 
to  be  evaporated  is  (eqn.  (32.9)): 


(b)  Choice  of  temperatures.  We  adopt  for  this  multiple  effect  the  pressure  scale  of  Table 
32.23.  At  the  same  time  we  choose  a  figure  for  the  length  of  tubes  of  the  various  vessels, 
which  permits  us  to  determine  approximately  the  boiling-point  elevations  d  in  the  vessels  (pp. 
499  —  502),  hence  the  temperatures  given  in  Table  32.27. 


MULTIPLE-EFFECT  CALCULATIONS 


Crushing  rate: 

Weight  of  mixed  juice  %  cane: 
Brix  of  clarified  juice: 
Brix  required  for  syrup: 
Temperature  of  juice  before  heating 
Back-pressure: 
Vacuum  at  condenser: 


100  t.c.h. 
100 

13 

65 

30°C  (86°F) 
1  kg/cm2  (14  p.s.i.) 
64  cm  (25  in.) 


E  =  100  x  1,000  (!-£!)=  80,000  kg/h  (179,200  ib./h) 


TABLE  32.27 


SEQUENCE  OF  TEMPERATURES,  IN  °C  (°F) 


Vapour 


d 


Juice 


True  temp, 
drop 


Exhaust  steam 


120  (248) 
111  (232) 
100  (212) 
85  (185) 
55  (131) 


1st  vessel 
2nd  vessel 
3rd  vessel 
4th  vessel 


0.8  (  1.4)  111.8  (233.4)  8.2  (14.6) 

1.3  (  23)  101.3  (214  .3)  9.7  (17.7) 

2.1  (  3,8)  87.1  (188,8)  12.9  (23.2) 

6.1  (11..0)  61.1  (142   )  23.9  (43  ) 


54.7  (98.5) 
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(c)  Choice  of  vapour  bleeding.  By  means  of  these  temperatures,  we  now  choose  the  pro- 
cedure for  juice  heating.  In  order  to  select  economic  conditions,  we  shall  observe  the  margins 
of  temperature  recommended  in  Table  30. 1  (p.  456). 

We  shall  carry  out  the  heating  thus: 

By  3rd  vessel:  from  30  to  65 °C  (  85  to  150°F) 
By  2nd  vessel:  from  65  to  85°C  (150  to  185.°F) 
By  1st  vessel:     from  85  to  103°C  (185  to  217°F) 

We  shall  take  further  from  the  first  vessel  the  vapour  necessary  for  f  of  the  vacuum  pans, 
the  consumption  of  which  is  estimated  to  total  120  kg/t.c.  (270  lb./t.c). 
The  latent  heats  of  the  vapour  are  (Table  41.1): 

1st  vessel,  1H°C(232°F):  532  kcal/kg  (957  B.T.U./lb.) 
2nd  vessel,  100°C  (212°F):  539  kcal/kg  (970  B.T.U./lb.) 
3rd  vessel,   85°C  (185°F):  548  kcal/kg  (987  B.T.U./lb.) 

Thus  we  arrive  at  the  following  figures  for  the  bled  vapour: 
From  3rd  vessel: 

1,000  X  100  X  0.9  (65  -  30)     .  nrn  .        ,„  _„ 
Px  -  =  6,050  kg/h   13,760  lb./h)  vapour 

548  x  0.95 


From  2nd  vessel: 

1,000  x  100  X  0.9  (85  -  65) 


Pi  = 


537  x  0.95 


=  3,515  kg/h  (7,657  Ib./h)  vapour 


From  1st  vessel: 

,  WT  _  1,000x  100  x  0.9(103  -  85)  ,  _A . 
(«)  Heaters:     *  =   532^09T   ^ 

100  x  120  x  2 


(b)  Pans: 


Pi  = 


-  8,000 


11,204  kg/h 

(25,095  Ib./h)  vapour 


x  +  P2  +  P3 

:  ^ 


X+P-, 


Fig.  32.47.  Calculations  for  vapour  bleeding. 
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(d)  Calculation  of  the  individual  evaporation  of  the  vessels.  Let  x  be  the  quantity  of  vapour 
supplied  by  the  4th  vessel  and  passing  to  the  condenser.  Since  each  vessel  must  supply  the 
vapour  necessary  for  the  following  one,  plus  the  vapour  for  juice  heating  (Fig.  32.47),  the 
several  vessels  will  have  to  evaporate: 

4th  vessel:  x 

3rd  vessel:  x  +  6,050 

2nd  vessel:  x  +  6,050  +  3,515 

1st  vessel:  x  +  6,050  +  3,515  +  11,204 


4x  +  3  x  6,050  +  2  x  3,515  +  11,204 
Equating  these  totals  to  the  total  evaporation  required,  we  have: 

4x  +   18,150  +  7,030  +  11,204  =  80,000 

hence: 

x  =  10,904  kg/h  (24,378  lb./h) 

The  evaporations  in  the  several  vessels  will  therefore  be: 

4th  vessel:  q,  =  10,904  =  10,904 

3rd  vessel:  ?3  =  10,904  +  6,050  =  16,954 

2nd  vessel:  g2  =  16,954  +  3,515  =  20,469 

1st  vessel:  qx  =  20,469  +  11,204  =  31,673 


Total  evaporation  E:  80,000  kg/h 

(e)  Calculation  of  the  brix  figures.  We  may  now  calculate  the  brix  of  the  juice  in  each 
vessel  as  shown  in  Table  32.28. 

TABLE  32.28 

CALCULATION  OF  BRIX  VALUES 


Average  brix 


Entering  1st  vessel:  Bo  =  13 


16     =  b, 


100,000 

Leaving  1st  vessel:  B,   =  13  x  =19 

5  100,000  -  31,673         ;  \         23  1  =  b 

100,000 

Leaving  2nd  vessel:  Bi  =  13  x                           =  27.1 

68,327  -  20,469  ,  ^  34.6  =  ft3 
 100,000 

Leaving  3rd  vessel:  By  =  13  x               '           =  42.1 

47,858  -   16,954  \  )      53_5  =  bi 

100,000 

Leaving  4th  vessel:  Bi  =  13  x      " =  65 

30,904  -  10,904 
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if)  Calculation  of  the  specific  evaporation  coefficients.  The  Dessin  formula  (32.31)  ap- 
plied with  the  coefficient  of  0.001  (or  denominator  16,000)  gives  the  coefficients  of  Table 
32.29: 

TABLE  32.29 

CALCULATION  OF  SPECIFIC  EVAPORATION  RATES,  IN  kg/mV°C/h  (lb./sq.ft./°F/h) 


1st  vessel:  c,  =  0.001  (100  -  16   )  (120  -  54)  =  5.54  (0.620) 

2nd  vessel:  c2  =  0.001  (100  -  23.1)  (111  -  54)  =  4.38  (0.490) 

3rd  vessel:  c3  =  0.001  (100  -  34.6)  (100  -  54)  =  3.01  (0.335) 

4th  vessel:  c*  =  0.001  (100  -  53.5)  (  85  -  54)  =  1.44  (0.160) 


(g)  Calculation  of  heating  surfaces.  For  each  vessel  we  have: 


Hence: 


51  =  — —  =     697  m2       Say:      700  m2  (  7,850  sq.ft.) 

5.54  x  8.2 

20  469 

52  =   — — —  =     482  m2      Say:       500  m2  (  5,300  sq.ft.) 


4.38  x  9.7 
16,954 


53  ~  3  01  x  12  9  ~         ^      Say:      450  m2  (  5m  Sq'ft'} 

10  904 

54  =  744X23  9  =      317  m2       Say:       350  m2  (  3,600  Sq-ft) 


Total  1,933  m2      Say:    2,000  m2  (21,750  sq.ft.) 

When  the  multiple  effect  is  intended  for  a  factory  for  which  the  properties  of  the  juice  are 
known,  and  where  the  existing  evaporators  do  not  suffer  bad  scaling,  the  value  0.001  may 
be  used,  as  above,  in  the  Dessin  formula.  Otherwise  it  is  wise  to  replace  it  by  0.0009  or  0.0008 
(or  adopt  a  denominator  of  18,000  or  20,000  in  place  of  16,000,  for  British  units). 

Whenever  possible,  the  value  should  be  one  obtained  from  the  performance  of  the  existing 
multiple  effect.  A  higher  coefficient  (lower  denominator)  for  the  Dessin  formula  should  not 
be  taken  unless  the  forecasts  of  the  performance  or  technical  improvements  in  the  new  equip- 
ment justify  it. 


(B)  Minimum  total  heating  surface 

The  scale  of  pressures  given  in  Table  32.23  is  not  an  essential  condition  for  the  operation 
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of  a  multiple  effect;  instead  of  starting  from  this  condition,  we  may  set  out  to  realise  the  con- 
ditions already  found  for  a  minimum  total  heating  surface,  in  which  case  the  scale  of 
pressures  obtained  will  be  determined  by  these  initial  conditions.  The  calculation  is  somewhat 
lengthy.  Theoretically  it  is  made  by  successive  approximations,  starting  precisely  from  the 
normal  scale  of  pressures.  Actually,  it  almost  always  suffices  to  recalculate  once  the 
temperatures  so  utilised. 

The  procedure  to  be  followed  remains  the  same.  Calculations  (a),  (b),  (c),  (d),(e),  (/)are 
carried  out  in  turn.  Keeping  the  same  data  as  for  the  calculation  (A),  we  shall  proceed  to  con- 
tinue the  calculation  of  our  quadruple  effect  with  the  object  of  obtaining  the  minimum  total 
heating  surface. 

(h)  Calculation  of  the  evaporation  capacities  t.  We  shall  call  t  =  q/c  the  evaporation 
"capacity"  of  a  vessel.  Actually,  what  is  of  value  in  a  multiple  effect  is  the  heating  surface 
and  the  temperature  drop.  Now,  the  quantity  t  is  a  measure  of  the  expenditure  in  heating 
surface  and  temperature  drop  which  must  be  made  for  an  evaporator  vessel,  according  to 
its  place  in  the  set: 


t  =  *  =  5-  A 
c 

We  have: 


ti  = 


ti  = 


tA  = 


0' 

31,673 

Ci  5 

Ql 

20,469 

C2 

4.38 

c33 

.Ol 

JO.  904 

c4 

1.44 

5,717  (114,340) 
4,673  (93,460) 
5,632  (113,845) 
7,572  (152,362) 


(0  Calculation  of  the  recurrence  quotients  r.  This  gives: 

A3 


rA  = 


r*  =  —  = 


A2 
A3 


5,632 


2  X  7,572 


=  0.6098 


(1  +  1.6398)  x  4,673 


=  0.7758 


r2 


0 

V  2  (/,  +  t 


+  —  tx 
r3  rir^l 


{t2  +  tir3  +  tiT^ri) 


/(l  +  1.2891  +  2.1138)  x  5,717 


=  0  9985 
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r,  =  A  =  1  +  1  +  JL  +  _J —  =  1  +  1.0015  +  1.2910  +  2.1171  =  5.4096 
Ai             r2      r2n  r2/-3r4 

(f)  Calculation  of  the  new  theoretical  temperature  drops  A.  We  have: 

Ai  ■  £ =     -  10,°c  (,81:F> 

A2  =  —  =  =  10.1°C  (18.2°F) 

r2  0.9985 

A2  10.127 

A3  =  —  =  ^iJL.  =  13. (23.6°F) 
r3  0.7758 

A3  13.054 

A<  =  77  =  ^T7^  =  21-4°C  (38.6°F) 


A   =  54.7°C  (98.5°F) 


(k)  Correction  of  the  temperature  drops  found.  The  hypothesis  of  p.  583,  which  aimed  to 
allow  us  to  substitute  the  net  temperature  drops  by  the  apparent  drops,  in  the  calculation  of 
minimal  heating  surface,  is  only  approximate.  The  boiling-point  elevations  d  are  not  exactly 
proportional  to  the  net  temperature  drops.  They  increase  in  fact  more  rapidly  than  the 
temperature  drops  from  the  1st  to  the  last  vessel.  It  follows  that  the  real  specific  evaporation 
coefficients  which  we  found  for  the  2nd,  3rd  and  especially  for  the  4th  vessels,  in  utilising 
these  drops,  and  the  calculated  d  values  of  Table  32.27,  would  be  too  high,  since  the 
temperature  T  of  vapour  entering  into  the  Dessin  formula  (T  —  54)  would  be  somewhat 
higher  than  our  calculation  had  indicated. 

On  the  other  hand,  if  we  were  to  correct  fully  the  net  temperature  drops  found  above  for 
the  difference  between  the  proportional  d  and  the  true  d,  and  if  we  incorporated  these  correc- 
tions in  the  temperature  drop  so  as  to  give  the  exact  values  for  T,  this  would  give  net 
temperature  drops  which  would  no  longer  correspond  to  the  proportions  required  by  the 
calculation:  they  would  be  too  high  in  the  1st  vessel  and  too  low  for  the  last. 

A  detailed  calculation  shows  that  the  correction  to  be  applied  consists  of  adding  the  follow- 
ing amounts,  as  a  very  close  approximation  in  most  cases,  to  the  net  temperature  drops  ob- 
tained in  (f): 


For  a  Quadruple  For  a  Quintuple 

For  the  1st  vessel:  +0.8%  +0.9°/o  of  the  total  net  drop 

For  the  2nd  vessel  +0.6%  +0.7% 

For  the  3rd  vessel:  +0.3%  +0.4% 

For  the  4th  vessel:  -1.7%  -0.3% 

For  the  5th  vessel:  -1.7% 
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which  gives  us  the  following  correct  temperature  drops: 

Ai  =  10.1  +  (54.7  x  0.008)  =  10.5°C  (18.9°F) 

A2  =  10.1  +  (54.7  x  0.006)  =  10.4°C  (18.8°F) 

A3  =  13.1  +  (54.7  x  0.003)  =  13.3°C  (23.9°F) 

A4  =  21.4  -  (54.7  x  0.017)  =  20.5°C  (36.9°F) 

54.7°C  (98.5°F) 


TABLE  32.30 

SEQUENCE  OF  CORRECTED  TEMPERATURES  (°C) 


Vapour 

d 

Juice 

True  temp, 
drop 

Exhaust  steam 

120 

1st  vessel 

108.7 

0.8 

109.5 

10.5  (18.9°F) 

2nd  vessel 

97 

1.3 

98.3 

10.4  (18.8°F) 

3rd  vessel 

81.6 

2.1 

83.7 

13.3  (23.9°F) 

4th  vessel 

55 

6.1 

61.1 

20.5  (36.9°F) 

Total  net  drop 

54.7  (98.5°F) 

(/)  Corrected  scale  of  temperatures.  It  follows  that  the  new  temperature  figures  are  those 
given  in  Table  32.30. 

(m)  Calculation  of  heating  surfaces.  Taking  the  new  values  for  real  specific  evaporation 
coefficient  corresponding  to  the  foregoing  temperatures,  the  heating  surfaces  of  the  different 
vessels  become: 

Say:  550  m2  (  6,050  sq.ft.) 
Say:  475  m2  (  5,150  sq.ft.) 
Say:  450  m2  (  5,150  sq.ft.) 

Say:  425  m2  (  4,650  sq.ft.) 


1,900  m2  (21,000  sq.ft.) 

Strictly  speaking,  we  should  now  return  to  step  (h)  in  the  calculation  with  the  new  values 
for  the  evaporation  coefficient,  and  deduce  successively  the  values  for  t,  r,  uncorrected  and 


5,  = 


53  - 


54  = 


31,673 

20,469 
~42\  x  10.4" 

16,954 
18T1T7.33  ' 

10,904 
T28  X  2075~ 


=     544  m2 
467  m2 
454  m2 
414  m2 


1,879  m2 
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corrected  A,  and  only  then  calculate  the  heating  surfaces.  In  practice,  when  the  corrected 
temperatures  are  as  close  to  the  original  temperatures  as  those  of  Table  32.30  are  to  those 
of  Table  32.27,  this  step  is  superfluous,  and  we  may  adopt  the  heating  surfaces  found. 

Heating  of  the  juice  in  the  first  vessel.  In  the  preceding  calculations,  we  have  not  taken 
into  account  the  temperature  of  the  juice  as  it  enters  the  1  st  vessel,  which  is  the  same  as  saying 
that  we  have  assumed  that  the  juice  enters  at  a  temperature  equal  to  that  of  the  juice  in  the 
vessel. 

This,  however,  is  generally  not  the  case.  The  juice  most  often  enters  the  1st  vessel  at  a 
temperature  to  5-  15°C  (10-25°F)  lower  than  that  of  the  boiling  juice  in  the  vessel.  It  is 
the  1st  vessel  which  must  supply  the  heat  necessary  to  bring  it  to  this  boiling  point.  This  re- 
quires some  additional  heating  surface. 

In  practice,  it  is  sufficient  to  take  this  into  account  by  adding  to  the  heating  surface  Si 
calculated  for  the  1st  vessel  a  supplementary  surface  S\t 

5,  =0.1  Q{fi  -  to)  (Si  =  0.6  Q  (d  -  to))  (32.51) 

Si  =  additional  heating  surface  to  be  provided  for  the  1st  vessel,  in  m2  (sq.ft.). 

Change  in  total  heating  surface.  If  we  compare  the  total  heating  surface  which  we  have 
obtained  by  method  (B)  with  that  obtained  by  the  simple  calculation  (A),  we  are  immediately 
struck  with  the  small  difference  between  the  two  results:  not  even  3%.  This  is  due  to  two 
causes: 

(a)  The  scale  of  pressures  obtained  by  starting  from  conditions  for  minimum  total  surface 
is  generally  very  close  to  the  standard  scale  of  pressures.  In  calculating  a  multiple  effect  con- 
forming to  the  standard  scale  of  pressures,  we  generally  find,  therefore,  conditions  very  close 
to  the  optimum. 

(b)  If  we  take  as  a  variable  any  one  of  the  individual  temperature  drops  for  the  vessels, 
and  consider  the  total  heating  surface  of  the  set  as  a  function  of  this  variable,  the  variation 
in  heating  surface  in  the  neighbourhood  of  its  minimum  value  is  very  small  and  very  slow. 
We  undergo  only  a  small  error  then  in  departing,  even  quite  appreciably,  from  the  conditions 
of  minimum  total  surface. 

It  follows  that  the  heating  surfaces  obtained  by  either  of  the  two  preceding  methods  should 
be  considered  only  as  an  indication.  There  is  no  great  disadvantage  in  modifying  them  to  an 
extent  which  if  necessary  can  be  substantial,  if  other  considerations  make  this  desirable. 

In  particular,  if  thermo-compression  is  used,  it  is  necessary  to  limit  the  uncorrected 
temperature  drop  of  the  1st  vessel  to  a  maximum  of  5  —  10°C  (10-20°F).  The  1st  vessel  will 
sometimes  be  increased  in  heating  surface  as  a  consequence,  and  the  following  vessels  may 
be  decreased,  but  by  a  quantity  which  should  obviously  on  the  total  be  slightly  less  than  the 
quantity  by  which  the  1st  has  been  increased  (since  we  have  departed  from  the  conditions 
of  minimum  total  heating  surface). 

In  the  case  of  a  proposition  for  a  multiple  effect  with  thermo-compressor,  the  scheme  will 
then  be  as  follows:  the  apparent  temperature  drop  for  the  1st  vessel  will  be  fixed,  for  example 
at  115-  110°C  (240-230°F),  then  the  other  3  vessels  (in  the  case  of  a  quadruple)  will  be 
treated  as  a  triple  effect  operating  between  110°  and  55°C  (230°  and  131  °F). 
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Multiple  effect  with  equal  vessels.  Multiple  effects  were  frequently  found  of  which  the  dif- 
ferent vessels  are  identical.  The  British  firms  in  particular  often  supplied  these,  probably 
with  the  object  of  standardisation. 

We  may  readily  ascertain  whether  such  an  evaporator  will  operate  under  the  conditions 
of  minimum  heating  surface.  In  effect,  if  such  were  the  case,  the  application  of  formulae 
such  as  (32.40)  to  (32.43)  shows  immediately  that  if: 

Si  =  S2  =  S3  =  S4 

and  if  we  take  A4  as  unity,  we  have 

A4  =  1 

2A3      S}  Ad  1 

2A2  S2  1  _  1   .  5  3 


A3  +  A4      Si  +  S4      2  ~  2  x  2  ~  8 

2A,  Si  1        .       1  +  i  +  1  5 

Ai  — 


A2  +  A3  +  A4      S2  +  Si  +  S4      3  2  x  3  16 

The  temperature  drops  Ai,  A2,  A3,  A4  should  then  be  respectively  in  the  proportions: 

,6:M:'-    OT:  5:6:S:I6 

With  a  triple  effect,  we  should  evidently  have  found  6:8:  16.  For  a  quintuple,  we  should 
have  had  35  :  40  :  48  :  64  :  128. 

Influence  of  inequality  in  the  vessels.  While  multiple  effects  of  equal  vessels  are  still 
encountered,  cases  are  often  found  also  where  one  of  the  vessels  is  considerably  smaller  or 
larger  than  the  others. 

To  avoid  complicating  our  exposition  of  the  problem,  we  shall  disregard  the  case  of  vapour 
bleeding  and  base  our  calculations  on  a  quadruple  effect  of  4  equal  vessels.  Starting  with  this 
quadruple,  it.  is  of  interest  to  study  what  would  be  the  influence  on  the  total  evaporation  of 
a  decrease  or  an  increase  of  a  certain  amount  in  one  of  the  vessels. 

Take  for  example  a  standard  quadruple  effect  with  4  equal  vessels  (a)  each  of  500  m2,  the 
total  heating  surface  S  being  2,000  m2.  We  wish  to  resolve  the  following  two  problems: 

1st  problem.  By  how  much  would  the  evaporation  obtained  from  this  standard  quadruple 
be  decreased  if  one  of  the  vessels,  the  3rd  for  example,  is  replaced  by  a  vessel  of  400  m2  i.e. 
if  the  surface  S3  is  decreased  by  20%,  and  in  consequence  the  total  surface  S  by  5%? 

In  other  words,  we  should  compare  the  evaporation  obtained  in  the  quadruple: 

(b)  S,  =  500  m2     S2  =  500  m2     S3'  =  400m2     S4  =  500m2     S'  =  1,900  m2 
with  that  obtained  in  the  quadruple  with  4  equal  vessels  (a)  above. 
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In  the  same  way,  by  how  much  would  the  evaporation  be  increased  if  the  3rd  vessel  were 
replaced  by  a  much  larger  vessel,  of  1,000  m2  for  example?  That  is,  if  the  surface  S3  is  in- 
creased by  100%  and  consequently  the  total  surface  S  by  25  °7o: 

(c)   Si  =  500  m2     S2  =  500  m2     S3"  =  1,000  m2     S4  =  500  m2     S"  =  2,500  m2 

2nd  problem.  Would  the  increase  or  decrease  of  evaporation  be  the  same  whatever  the 
place  in  the  set  of  the  vessel  which  differs  from  the  others?  In  other  words,  if  we  had  the 
choice  between  the  quadruples  (b)  and  (c)  above,  would  it  be  better  to  place  the  vessel  of  400 
m2  (or  that  of  1,000  m2)  as  the  first  body  or  as  the  fourth  body? 

The  case  of  "doubling",  that  is,  of  one  vessel  much  larger  and  of  a  quadruple  of  the  type 
(c),  arises  rather  frequently,  in  particular  when  an  evaporator  set  is  enlarged  while  seeking 
for  reasons  of  economy  to  keep  the  purchases  of  new  equipment  to  a  minimum.  In  deciding 
to  use  old  material,  there  is  often  the  possibility  of  doubling  one  of  the  vessels  by  putting 
two  of  the  old  vessels  in  parallel. 

Now  many  people  hold  erroneous  ideas  on  these  questions.  It  is  sometimes  thought  that 
the  capacity  of  a  multiple  effect  is  determined  almost  entirely  by  the  smallest  vessel;  and  con- 
versely, that  "doubling"  scarcely  modifies  the  capacity  of  the  evaporator  set. 

We  shall  solve  the  two  problems  at  the  same  time.  We  shall  assume  that: 

(/)  The  upper  and  lower  limits  of  temperature  remain  the  same  in  all  cases,  for  example, 
112°  and  55°C  (234°  and  131  °F).  It  follows  that  the  specific  evaporation  coefficient  of  the 
1st  vessel  remains  constant,  since  it  depends  only  on  the  upper  limit  of  temperature  (112°C, 
cf.  eqn.  (32.31)). 

(2)  The  scale  of  brix  values  does  not  change.  This  is  the  same  as  saying  that  the  quadruple 
effect  receives  the  juice  at  the  same  brix  B0  and  concentrates  it  to  the  same  brix  B4,  the  in- 
termediate brix  values  obviously  remaining  unchanged  (cf.  p.  562).  This  assumes  that  the  rate 
of  working  of  the  factory  is  adjusted  so  that  in  each  case  it  corresponds  to  the  capacity  of 
the  multiple  effect. 


TABLE  32.31 

EVAPORATION  OBTAINED  IN  A  QUADRUPLE  EFFECT  HAVING  3  VESSELS  OF  EQUAL  HEATING  SURFACE  AND  ONE  OF  A 
DIFFERENT  HEATING  SURFACE;  RELATIVE  TO  THAT  OF  A  QUADRUPLE  WITH  4  VESSELS  EACH  IDENTICAL  WITH  ONE  OF 

THE  3  EQUAL  VESSELS 


H.S.of 

H.S.  of  quad. 

Evaporation  obtained  when  odd 

vessel  is: 

odd  vessel 

%H.S.  of 

%H.S.  of 

quad,  of  4 

1st 

2nd 

3rd  4th 

each  of  others 

equal  vessels 

60% 

90  % 

87.8 

87.2 

85.9  83.7 

80% 

95  % 

95 

94.7 

94.1  93 

100% 

100  % 

100 

100 

100  100 

150% 

112.5% 

107.8 

108.3 

109.5  111.6 

'  200% 

125  % 

112.3 

113.2 

115.3  119 
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90  100  110  120 

Surf,  of  Q  E  %  surface  of  Q.E.  with  equal  vessels 


Fig.  32.48.  Evaporation  obtained  in  a  quadruple  effect  having  three  vessels  of  equal  area  and  one  vessel  of  different 

area. 


The  calculation,  carried  out  by  Dessin's  formula,  leads  to  the  result  which  we  have  il- 
lustrated by  the  graph  in  Fig.  32.48  and  have  summarised  in  Table  32.31.  These  graphs  have 
been  established  by  plotting  as  ordinate  the  evaporation  obtained  in  the  quadruple  effect 
studied,  which  has  1  vessel  of  different  surface  from  the  others,  this  evaporation  being  ex- 
pressed as  a  percentage  of  that  of  the  standard  quadruple  effect  with  4  equal  vessels  which 
would  be  formed  if  the  different  vessel  were  modified  to  the  same  heating  surface  as  the  other 
3.  We  have  plotted  as  abscissa  the  total  heating  surface  of  the  quadruple  effect  studied, 
similarly  expressed  as  a  percentage  of  the  heating  surface  of  the  standard  quadruple. 

Example.  Suppose  we  have  the  quadruple  effect  (c)  above.  Its  total  heating  surface  S" 
is  equal  to  125%  of  the  surface  S  of  the  standard  quadruple  effect  with  4  equal  vessels  (a). 
The  evaporation  which  it  should  give  will  be  found  from  Fig.  32.48  at  the  125  point  on  the 
abscissa  on  the  curve"  marked  "3rd  vessel",  since  it  is  the  3rd  vessel  which  is  non-uniform. 
We  find  then  on  the  ordinate  115.3;  that  is,  although  the  surface  of  the  quadruple  under  con- 
sideration is  125%  of  the  surface  of  the  standard  quadruple  with  equal  vessels,  the  evapora- 
tion which  it  gives  is  only  115.3%  of  the  evaporation  of  that  standard  quadruple. 

Comments.  (/)  We  see  that,  if  we  have  1  vessel  smaller  than  the  others,  it  is  of  advantage 
that  it  should  be  No.  1  in  the  set  (it  must  not  be  forgotten  that  we  are  discussing  a  quadruple 
effect  without  vapour  bleeding). 

Conversely,  if  we  have  1  vessel  larger  than  the  others,  it  is  of  advantage  that  this  should 
be  the  last  one  in  the  set. 
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(2)  "Doubling"  is  not  as  much  of  a  disadvantage  as  is  sometimes  imagined  (especially  if 
the  vessel  added  costs  nothing),  since  in  doubling  the  last  vessel,  for  exa'mple,  we  obtain  a 
gain  in  evaporation  of  19%,  which  represents  more  than  I  of  the  excess  surface  provided 
(25%). 

(3)  We  see  from  the  graph  that  there  is  hardly  any  advantage  in  making  the  vessels  of  dif- 
ferent size,  for  a  quadruple  effect  without  vapour  bleeding.  In  fact,  if  the  scale  of  the  graph 
were  greater,  it  would  be  seen  that  there  is  advantage  in  having  a  1st  vessel  slightly  smaller 
and  a  4th  vessel  slightly  larger  than  the  others.  For  a  quadruple  without  vapour  bleeding  the 
most  advantageous  range  of  sizes  would  be  90,  100,  100,  110  This  advantage,  however,  is 
practically  negligible:  it  is  shown  by  the  extent  (imperceptible  on  the  graph)  by  which  the  two 
curves  cross  over,  to  the  left  and  above  the  dotted  straight  line,  in  the  neighbourhood  of  the 
points  of  abscissa  97.5  (1st  vessel)  or  102.5  (4th  vessel). 

We  see  also  that  any  differences  on  the  low  side  for  the  4th  vessel,  and  on  the  high  side 
for  the  3  previous  vessels,  become  rapidly  detrimental  to  the  rate  of  evaporation. 

(4)  What  we  have  just  ascertained  for  a  quadruple  without  vapour  bleeding  is  applicable 
to  all  quadruples,  on  condition  that  the  standard  quadruple  with  equal  vessels  is  replaced  by 
a  quadruple  of  the  minimum  heating  surface  which  will  cope  with  the  duty  required.  The  dif- 
ferences in  heating  surface  above  or  below  in  relation  to  this  optimum  would  have  an 
analogous  effect  on  the  evaporation  rate  of  the  quadruple  concerned. 

In  the  same  way,  the  conclusions  just  reached  for  the  quadruple  effect  would  also  apply 
in  the  case  of  a  triple  or  quintuple  effect,  since  the  fan  shape  of  four  curves  would  be  replaced 
by  another  fan  shape  of  3  or  of  5  curves  disposed  in  a  fully  analogous  manner. 


Fig   32.49.  Quadruple  etteci  (Fives  CaK  -  Babcock; 
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(5)  Equivalent  surface.  These  graphs  allow  us  to  introduce  the  concept  of  "equivalent  sur- 
face" of  a  badly  balanced  multiple  effect.  We  have  just  seen  that  a  quadruple  effect  such 
as  (c)  does  not  have  a  capacity  equal  to  125%  of  that  of  (a).  In  fact,  it  is  only: 

™L  =92.2% 
125 

of  that  of  a  well-balanced  quadruple  effect  of  2,500  m2.  We  may  say  that  this  badly  balanced 
quadruple  of  2,500  m2  has  a  surface  equivalent  only  to: 

2,500  X  0.922  =  2,305  m2 

of  that  of  a  well-balanced  quadruple. 

(6)  If  the  quadruple  effect  has  2  non-uniform  vessels,  we  may  still  multiply  by  each  other 
the  2  coefficients  (such  as  92.2%  above)  which  each  of  these  vessels  would  give  if  it  were  the 
only  one  not  uniform  with  the  others. 

Checking  performance  of  a  multiple  effect 

The  performance  of  a  multiple  effect  may  be  checked  by  noting  the  brix  of  the  juice  and  of 
the  syrup  and  the  vapour  temperatures,  and  calculating  from  these  the  real  specific  evapora- 
tion coefficients. 

Example.  A  quadruple  effect  is  to  be  checked.  At  the  time  the  check  is  made,  the  following 
observations  are  made: 

Crushing  rate  of  the  factory  98  t.c.h. 

Weight  of  clarified  juice  per  t.c.  960  kg/t.c.  (2,150  lb./t.c.) 

Temperature  of  clarified  juice  entering  the  1st  vessel             96°C  (205°F) 

Brix  of  clarified  juice  14 

Brix  of  syrup  56 

Vapour  bled  from  1st  vessel  10,000  kg/h  (22,400  ib./h) 

Vapour  bled  from  2nd  vessel  5,000  kg/h  (11,200  Ib./h) 


Heating 

surface 

Temperatures  noted 

(m2) 

(sq.ft.) 

CQ 

CF) 

Steam 

115 

240 

1st  vessel 

1,000 

10,750 

1st  vessel 

'  105 

221 

2nd  vessel 

700 

7,525 

2nd  vessel 

94 

201 

3rd  vessel 

600 

6,450 

3rd  vessel 

81 

178 

4th  vessel 

550 

5,925 

4th  vessel 

54 

129 

Performance  check,  (a)  Calculation  of  evaporation.  The  work  of  the  quadruple  is  given 
by: 

Weight  of  juice  =  98  x  960  =  94,080  kg/h  (210,700  Ib./h) 

E  =  94,080  (  1  -  —\  =  70,560  kg/h  (158,000  Ib./h) 
\  56/ 
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(b)  Allowance  for  juice  heating  in  1st  vessel.  The  1st  vessel  has  to  heat  the  juice  by  about 
10°C  (106° -96°).  This  heating  corresponds  to  the  immobilisation  of  a  portion  Si  of  the 
heating  surface  (eqn.  (32.51)): 


5,  =  0.1  X  94.08  (106  -  96)  =  94  m2  (1,016  sq.ft.) 


We  shall  therefore  consider  the  1st  vessel  exactly  as  if  it  were  a  vessel  of  heating  surface 
1,000  -  94  =  906  m2  (9,734  sq.ft.)  receiving  juice  at  its  boiling  point. 

(c)  Calculation  of  the  individual  evaporations.  We  have  (cf.  p.  589): 


4x  +  2  (5,000)  +  10,000  =  70,560 

hence: 


x  =  70,560  -  10,000  -  10,000  = 

thus: 


Evaporation  from  the  4th  vessel  =  12,640  =  12,600  kg/h 

Evaporation  from  the  3rd  vessel  =  12,640  =  12,600  kg/h 

Evaporation  from  the  2nd  vessel  =  12,640  +  5,000  =  17,640  kg/h 

Evaporation  from  the  1st  vessel  =  17,640  +  10,000  =  27,640  kg/h 


70,560  kg/h  (158,000  Ib./h) 

(d)  Calculation  of  brix figures.  The  brix  of  the  juice  leaving  and  the  average  brix  values 
of  the  juice  in  the  various  vessels  are: 

Average  brix 

Entering  1st  vessel:     Bo  =  14  14 


94  080 

Leaving  1st  vessel:       Bi  =   14  x  —  ■  =  19.8 

6  94,080  -  27,640 


Leaving  2nd  vessel:      B2  =   14  x   =  27 


66,440  -  17,640 


04.080, 

Leaving  3rd  vessel:       Bi  =   14  x  =  36.4 

6  48,800  -  12,640 


i       D       iA  94,080 
Leaving  4th  vessel:     f?4  =  14  x  =  56 

36,160  -  12,640 


bi  =  16.9 


b2  =  23.4 


bi  =  31.7 


b4  =  46.2 
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(e)  Calculation  of  net  temperature  drops.  We  calculate  the  boiling-point  elevation  in  the 
vessels  as  indicated  on  pp.  497-501,  and  thus  deduce  the  net  temperature  drops  as  shown 
below: 


Heating  d  Vapour  Net  temp,  drop 

vapour  from  juice 


rQ 

(°F) 

rcj 

(°F) 

fQ 

(°F) 

(°C) 

(°F) 

1st  vessel 

115 

240 

1.0 

1.8 

105 

221 

9 

11.2 

2nd  vessel 

105 

221 

1.5 

2.7 

94 

201 

9.5 

17.3 

3rd  vessel 

94 

201 

2 

4.5 

81 

178 

10.5 

18.5 

4th  vessel 

81 

178 

5.7 

10.3 

54 

129 

21.3 

38.7 

if)  Checking  the  work  of  the  several  effects.  In  each  vessel  we  have: 

/  (100  -  b)(T  -  130)  SA\ 

q  =  csA=f(100-b)(T-  54)  SA      |  q  =  csA  =f  ^1—  }-  

\  10,000  / 


where  /  is  a  factor  to  be  applied  in  the  Dessin  formula  (32.31). 
From  this  we  deduce: 


,  ?  (f_   16,000  \ 

(100  -  b)  (T  -  54)  SA        \       (100  -  b)  (T  -  130)  S A  / 


We  then  have: 


1st  vessel:/!  =  °2/'V'4V'                   -  =  0.00067  (0.65) 

(100  -   16.9)  (115  -  54)  906  x  9 

2nd  vessel:  A  =   1— °   =  0.00068  (0.70) 

J      (100  -  23.4)  (105  -  54)  700  X   9.5  J 

3rd  vessel:  j\  =  ~                    'A640  —    =  o  00073  (0  78) 

(100  -  31.7)  (  94  -  54)  600  X  10.5  v  ' 

4th  vessel:  f4  =     —   — 12,64iL   =  0.00074  (0.75) 

(100  -  46.2)  (  81  -  54)  550  X  21.3 


and  we  can  thus  deduce  that  our  quadruple  is  operating  at  about  70%  of  the  rate  for  good 
normal  conditions,  as  expressed  by  the  coefficient  0.001  (divisor  16,000);  but  all  vessels  show 
similar  figures,  no  one  vessel  presents  an  anomaly.  It  is  probable  that  scale  alone  is  to  blame, 
and  that  its  severity  decreases  slightly  from  the  first  to  the  last  two  vessels. 

Frequently  it  is  found  that  one  of  the  vessels  is  operating  less  effectively  than  the  others, 
and  the  cause  will  then  be  sought:  scale  incompletely  removed,  defective  cleaning,  leaks, 
blockage  of  a  vapour  pipe,  juice  pipe,  water  or  incondensable-gas  pipe,  etc. 
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Installation  of  a  thermo-compressor 

There  are  certain  conditions  to  be  realised  when  a  thermo-compressor  is  installed.  The  more 
important  are  the  following: 

(1)  The  weight  y  of  vapour  aspirated  is  limited  to  a  certain  maximum 

(2)  The  weight  x  of  vapour  passing  from  the  last  vessel  to  the  condenser,  on  the  contrary, 
cannot  be  decreased  below  a  certain  minimum. 

First  condition.  Maximum  weight  of  vapour  aspirated.  Thermo-compression  involves  a 
saving  in  steam.  This  saving  is  of  value  insofar  as  it  decreases  the  make-up  steam  to  be  sup- 
plied by  the  boilers  to  manufacture.  However,  as  soon  as  one  has  been  successful  in  reducing 
this  make-up  to  zero,  there  is  no  further  advantage  in  increasing  the  thermo-compression; 
the  consumption  of  steam  would  fall  below  the  quantity  of  exhaust  steam  produced,  and  it 
would  be  necessary  to  allow  steam  to  escape  through  the  roof  by  the  safety  valve.  Thus  the 
heat  saved  in  the  exhaust  steam  would  be  lost  in  the  live  steam  together  with  loss  of  actual 
steam  and  intermediate  heat  losses. 

There  is  therefore  a  maximum  economy  to  be  realised  by  thermo-compression;  a  means 
of  regulating  the  thermo-compression  should  be  installed  such  that  the  consumption  of  ex- 
haust steam  should  always  be  equal  to  or  slightly  greater  than  the  production. 

Now  the  production  of  exhaust  steam  corresponds  to  the  quantity  furnished  by  the  turbo 
set  or  the  engines,  decreased  by  losses  due  to  condensation,  leaks,  etc.  Say:  M. 

The  consumption  of  exhaust  steam,  Q,  is  represented  by  the  3  quantities:  steam  supplied 
to  the  1st  vessel  of  the  evaporators,  to  the  pans,  and  to  the  juice  heaters.  Let: 

Q  =  q'  +  C  +  R  (32.52) 

Q  =  total  weight  of  exhaust  steam 

q'  —  weight  of  exhaust  steam  supplied  to  the  1st  vessel  of  the  multiple  effect 
C  =  weight  of  exhaust  steam  used  at  the  pans 
R  -  weight  of  exhaust  steam  used  at  the  heaters. 
It  is  necessary  that: 

q'  +  C  +  R  ^  M  (32.53) 


Fig.  32.50.  Maximum  thermo-compression. 
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or: 


q'^M  -  C  -  R 


(32.54) 


This  quantity  M  -  C  -  R  is  known  or  is  readily  calculated. 

On  the  other  hand,  eqn.  (32.20)  (p.  566)  applied  to  the  case  of  a  multiple  effect  with 
thermo-compression  (Fig.  32.50)  shows  that  the  total  evaporation  E  has  a  value: 


E  =  nx  +  Pi  +  2P2  +  3P3  +  pq 


(32.55) 


and  equating  the  weight  of  heating  steam  to  the  weight  of  vapour  produced,  in  the  1st  vessel, 
we  have: 

q  +       +  q'  =  fig  +  Pi  +  P2  +  Pj  +  x 


or: 


q  +  q'  =  x  +  Pi  +  Pi  +  Pi 


(32.56) 


Eliminating  x  by  taking  its  value  from  eqn.  (32.55)  and  substituting  in  (32.56),  we  have: 

,      E  +  (n  -  1)  Pi  +  (n  -  2)  P2  +  (n  -  3)  P3     n  +  n  no  <-7, 

q    _  •  q  (JZ.D/j 

n  n 

Substituting  this  value  in  eqn.  (32.54),  and  solving  for  q,  we  find: 


1 


n  +  ii 


[E  +  (n  -  1)  Pi  +  (n  -  2)  P2  +  (n  -  3)  P3  -  n  (M  -  C  -  R)] 


(32.58) 


which  may  also  be  written: 


y  ^ 


n  +  fi 


[E  +  (n  -  1)  Pi  +  (n  -  2)  P2  +  (n  -  3)  Pj  -  n  (M  -  C  -  R)} 


(32.59) 


y   =  nq  -  weight  of  vapour  entrained  by  the  thermo-compressor. 


Effect  on  heat  balance.  It  is  interesting  to  study  the  inequality  (32.58).  It  gives  the  quantity 
of  steam  which  can  be  used  for  thermo-compression  in  a  typical  factory,  but  it  also  indicates 
under  what  conditions  there  is  a  risk  of  having  an  excess  of  exhaust  steam.  There  is  an  excess 
of  exhaust  from  the  moment  when  the  second  member  of  the  expression  vanishes  or  becomes 
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negative.  At  that  moment,  the  thermo-compression  ceases  to  be  of  any  value: 


E  +  (n  ~  1)  Pi  +  (n  -  2)  P%  +  (n  -  3)  P}  =  n  (M  -  C  -  R) 


(32.60) 


It  must  be  kept  in  mind  that,  if  there  is  vapour  bleeding  to  the  vacuum  pans,  it  is  necessary 
to  add  to  the  quantities  Pu  P2,  Py  used  for  juice  heating,  the  vapour  bled  to  the  pans,  P{ 
and  P{.  In  a  new  factory,  or  one  where  the  evaporators  have  been  modernised,  it  is  possible 
to  arrange  for  all  juice  heating  by  vapour  bleeding:  thus  R  =  0.  It  would  also  be  possible 
to  boil  all  the  pans  on  vapour  from  the  first  or  even  the  second  vessel,  and  thus  C  =  0.  The 
exhaust  steam  available  will  be  reduced  in  this  case  to  the  term  M.  Let  us  see  what  happens 
then  to  these  three  terms. 

R.  As  far  as  juice  heating  is  concerned,  it  may  be  commented  that  for  a  given  factory,  heat 
requirements  are  practically  fixed.  Neglecting  the  few  degrees  of  cooling  of  the  juice  before 
heating,  these  requirements  are  limited  to  a  total,  per  tonne  of  juice  and  thus  approximately 
per  i.e.,  of: 


Pi  is  generally  of  the  order  of  20-35,  P2  30  -  40,  and  P3  60  kg/h.  If  P}  -  0,  P2  approaches 
close  to  100  kg/h.  The  3  terms  (n  -  1)  P,  +  (n  -  2)  P2  +  (n  -  3)  P3  make  a  total  of  the 
order  of: 

(a)  180  kg/h  (400  Ib./h)  for  quadruple  effect  with  bleeding  from  2  effects 

(b)  214  kg/h  (480  Ib./h)  for  quadruple  effect  with  bleeding  from  3  effects 

(c)  337  kg/h  (755  Ib./h)  for  quintuple  effect  with  bleeding  from  3  effects 

C.  As  for  the  pans,  their  vapour  consumption  is  close  to: 

(a)  120  kg/h  (270  Ib./h)  for  continuous  pans  on  A,  B  and  C  massecuite 

(b)  136  kg/h  (305  Ib./h)  for  continuous  pans  on  B  and  C,  and  batch  pans  for  A  massecuite 

(c)  148  kg/h  (332  Ib./h)  for  batch  pans  on  all  massecuites 

With  bleeding  for  example  from  the  first  vessel  of  a  quadruple,  the  136  kg/h  would  give: 


M.  Machines  driven  by  steam  turbine  will  consume: 

{a)  Shredder:  If  it  is  of  typical  power:  2.25  kW/t.c.h.  x  15  kg/kWh  =  34  kg/h  (75  Ib./h). 
If  it  is  a  high-power  machine:  5  kW/t.c.h.  x  15  kg/kWh  =  75  kg/h  (165  Ib./h)  of  steam. 

(b)  Mills:  For  5  mills  each  taking  1.75  kW/t.c.h.:  8.75  x  15  kg/kWh  =  130  kg/h  (290 
Ib./h).  For  6  mills  each  at  2  kW/t.c.h.:  12  x  15  =  180  kg/h  (400  Ib./h)  of  steam. 

The  turbo- alternators  at  the  powerhouse,  supplying  all  the  electric  motors  of  the  boiling 
house  and  the  knives,  consume  approximately  18  kW/t.c.h.  (24  h.p./t.c.h.)  at  11  kg  steam 


1000j^O^Jlj)5_v3O) 


-  132  kg/h  (295  Ib./h)  of  steam 


(32.61) 


jW   A     '0.7  J 


(n  -  1)  P{  =  3  x  136  =  403  kg/h  (915  Ib./h) 
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per  kWh,  or  200  kg/h  (450  Ib./h)  of  steam. 

Hence  we  should  have,  if  all  requirements  are  supplied  by  vapour  bleeding,  for  example: 

(a)  Steam  consumption:    800  +  214  +  408  =  1,422  kg/h  (3,140  Ib./h)  (quadruple) 

800  +  337  +  408  =  1,545  kg/h  (3,400  Ib./h)  (quintuple) 

(b)  Steam  production:      34  +  130  +  200  =  364  kg/h,  leaving  350  kg/h  (784  Ib./h)  of  ex- 

haust steam  (M.P.) 

75  +  180  +  200  =  455  kg/h,  leaving  440  kg/h  (985  Ib./h)  of  ex- 
haust steam  (H.P.) 

Now:  4  x  350  =  1,400  kg/h  (3,136  lb/h)  and  5  x  440  =  2,200  kg/h.  It  will  be  seen  that 
in  the  latter  case  we  arrive  at  a  very  high  excess  of  exhaust  steam.  In  other  words,  factories 
so  well  advanced  in  steam  economy  have  no  interest  in  pushing  the  vapour  bleeding  for  pans 
to  the  full  extent  possible,  as  this  would  only  serve  to  cap  the  factory  with  a  plume  of  escaping 
steam  -  a  useless  and  expensive  procedure.  Thus  thermo-compression  is  of  no  further  in- 
terest to  them. 


Second  condition.  Minimum  work  of  the  last  vessel.  The  condition  (32.59)  fixes  a  max- 
imum duty  for  the  thermo-compressor  and  for  the  1st  vessel.  However,  this  involves  a  condi- 
tion of  minimum  duty  for  the  latter  vessels. 

In  practice,  E,  P\,  Pi  and  Pi  are  generally  known  and  in  any  case  eqn.  (32.55)  shows  that, 
for  the  maximum  imposed  on  q  by  (32.58),  there  corresponds  a  minimum  for  x. 

To  ascertain  this  value,  we  take  the  value  of  q  from  eqn.  (32.55)  and  substitute  it  in  (32.58). 
We  then  have: 


x  ^  — — -  [E  -  Px 
n  +  m 


LP2  -  3P3  -  jit  (Pi  +  P2  +  Pi)  +  n(M  -   C  -  R)] 


(32.62) 


Variation  in  steam  consumption  with  thermo-compression.  Equation  (32.57) may  be  writ- 


ten: 


(n  +  n)  q  +  nq'  =  E  +  (n  -  1)P,  +  (n  -  2)  P2  +  (n  -  3)  Pi 


or: 


(n  +  \i)  q  +  nq'  =  constant 


(32.63) 


When  the  regulator  of  the  thermo-compressor  comes  into  action  and  opens  or  closes  the 
admission  of  actuating  steam,  the  respective  weights  of  high-pressure  actuating  steam  (q)  and 
of  exhaust  steam  entering  the  1st  vessel  (<5f')should  vary  relatively  according  to  eqn.  (32.63). 


Example.  If:  n  =  4  (quadruple  effect)  and     =  2,  we  shall  have: 


3q  +  2q'  =  constant 
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In  other  words:  when  the  thermo-compressor  absorbs  an  additional  2  kg  of  high-pressure 
actuating  steam,  the  1st  vessel  of  the  evaporators  consumes  3  kg  less  of  exhaust  steam. 

It  is  mainly  the  variations  in  steam  consumption  of  the  pans  (i.e.  of  the  term  C  in  the  ex- 
pression M —  C  —  R)  which  cause  the  most  important  and  the  most  abrupt  changes  in  the 
regulator  of  the  thermo-compressor,  and  in  its  output. 

Regulator.  Regulation  of  the  output  of  the  thermo-compressor  according  to  the  available 
exhaust  steam  is  obtained  by  separating  the  thermo-compressor  into  several  separate  nozzles 
which  are  opened  in  turn  by  a  regulator  actuated  by  the  exhaust- steam  pressure. 

For  example^  3  nozzles  would  be  chosen  with  respective  outputs  1,  2  and  4,  and  the 
regulator  would  then  open  in  succession: 


Nozzle  Relative  output 

1  1 

2  2 
1  and  2  together  3 

4  4 

1  and  4  together  5 

2  and  4  together  6 
1 ,  2  and  4  together  7 


Fig.  32.51.  Regulator  with  three  nozzles. 
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In  this  way  the  quantity  of  actuating  steam  (or  of  aspirated  vapour)  may  be  divided  into 
7  steps,  permitting  the  regulator  to  follow  flexibly  the  conditions  determined  by  the 
availability  of  exhaust  steam  (Fig.  32.51). 

Still  greater  flexibility  may  be  obtained  by  installing  4  nozzles  of  outputs  1,  2,  4  and  8, 
respectively,  giving  all  combinations  from  1  to  15. 

This  method  maintains  the  idea  of  having  each  nozzle  work  at  its  full  rate,  since  the  effi- 
ciency of  a  nozzle  falls  very  quickly  when  it  works  at  a  rate  differing  from  that  for  which 
it  has  been  designed. 

Combination  7  (1st  case)  or  15  (2nd  case)  is  opened  when  the  exhaust-steam  pressure  tends 
to  fall  very  low.  In  proportion  as  it  rises,  the  regulator  closes  in  succession  combinations  7, 
6,  5,  and  finally  closes  nozzle  No.  1.  If  the  exhaust-steam  pressure  continues  to  rise,  the 
safety  valve  on  the  exhaust  main  will  then  discharge  through  the  roof. 

The  designers  have  succeeded  in  giving  these  regulators  such  a  sensitivity  that  all  the  steps 
of  output  from  the  opening  of  combination  7  to  the  closing  of  nozzle  1  may  be  obtained 
within  a  pressure  difference  of  ±  0.025  kg/cm2  (±  0.35  p.s.i.)  from  the  value  chosen. 
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Capacity  of  evaporators 

Table  32.32  gives  figures  for  the  practical  capacity  of  multiple  effects,  taken  from  summaries 
embodying  all  factories  of  a  given  country.  They  are  given  in  m2  (sq.ft.)  total  heating  surface 
per  t.c.h. 

TABLE  32.32 

INSTALLED  CAPACITY  OF  MULTIPLE  EFFECTS  IN  VARIOUS  COUNTRIES 

Average 


Country 

n 

Min. 

Max. 

(m^/t.c.h.) 

(sq.ft.  /t.c.h.) 

South  Africa 

Triple 

17.3 

28 

25.5 

275 

Quadruple 

25.7 

54 

31.4 

338 

Quintuple 

30.9 

41.9 

36 

388 

Puerto  Rico 

Triple 

13.7 

17.1 

15.7 

169 

Quadruple 

13.9 

33 

23.8 

256 

Quintuple 

15.8 

37 

26.5 

285 

Cuba 

Triple 

20 

215 

Quadruple 

25 

269 

Quintuple 

30 

323 

Louisiana 

Triple 

18 

194 

Quadruple 

23 

248 

Quintuple 

33 

355 

We  give  the  lowest  value  stated,  the  highest71,  and  the  general  average  or  the  standard  value 
accepted  in  the  country72'73. 
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The  capacity  of  a  multiple  effect  depends  very  largely  on  the  back-pressure.  Estimated 
values  for  a  normal  vacuum  of  64  cm  (25  in.)  of  mercury,  with  various  values  on  back- 
pressure, are  given  in  Table  32.33. 


TABLE  32.33 

MEAN  HEATING  SURFACE  TO  BE  PROVIDED  IN  MULTIPLE  EFFECTS,  IN  mVt.C.h.  (sq.ft./t.C.h.) 


Back  pressure,  in  kg/cm2  fp.s.i.)  0.5  (    7)        1.0  (  14)        1.5  (  21) 

Steam  temperature  To,  in  °C  (°F)      111  (232)    120  (248)    127  (260) 


Triple  effect  20    (215)    17    (180)  16(170) 

Quadruple  effect  28    (300)  24    (260)  22  (235) 

Quintuple  effect  36    (390)  31    (335)    28  (300) 


Distributi6n  of  heating  surface  between  vessels 

Basing  our  considerations  on  a  typical  quadruple  effect,  with  extreme  pressure  of  1  kg/cm2 
(120°C),  we  indicate  below  the  normal  vapour  bleeding  which  could  be  envisaged,  also  the 
corresponding  evaporation  rates  for  each  vessel: 


TABLE  32.34 


Effect 

Vapour  from  juice 

6 

True 

c 

Evap. 

H.S. 

Vapour  bleeding 

no. 

Press. 

Temp.  (°C) 

At 

(kg/t.C.) 

(m2 

A.c.h.) 

Pans 

Heaters 

(kg/h) 

(kg/h) 

T  -  t 

H.S.  (m2) 

1 

500  g 

111 

1.5° 

7.5° 

5.5 

370 

10 

140 

28 

105-90 

1.8 

2 

0 

100 

2° 

9° 

4.4 

200 

6 

36 

90-70 

1.5 

3 

-33cm 

85 

3.5° 

11.5° 

3 

160 

5 

70 

70-30 

2 

4 

-61  cm 

55 

7° 

23° 

1.4 

90 

4 

820 

25 

140 

134 

We  may  reckon  approximately  on  the  following  distribution  of  total  heating  surface  between 
the  vessels  (per  t .  c .  h .) : 


Quadruple  Quintuple 


Bleeding  from: 

1st,  2nd 

effects 

1st,  2nd,  3rd 

effects 

1st,  2nd,  3rd 

effects 

(m2) 

(sq.ft.) 

(m2) 

(sq.ft.) 

(m1) 

(sq.ft.) 

1st  effect 

10 

110 

10 

110 

10 

110 

2nd  effect 

6 

66 

6 

66 

7  . 

77 

3rd  effect 

4 

44 

5 

55 

6 

66 

4th  effect 

5 

55 

4 

44 

4 

44 

5th  effect 

5 

55 

25 

275 

25 

275 

32 

352 
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Flow  of  juice  or  syrup  for  each  tube.  When  the  calculation  of  a  multiple  effect  has  been 
completed  with  the  dimensions  of  vessels  and  their  tubes,  and  the  number  of  tubes,  it  is  ad- 
visable to  verify  the  flow  of  juice  or  syrup  for  each  tube.  Generally,  for  regular  operation, 
it  is  necessary  to  maintain  40  kg/h  (90  lb./h)  of  juice  or  syrup  per  tube,  calculated  on  the 
quantity  entering  the  vessel.  This  rate  is  easily  attained  for  the  first  vessel,  but  not  for  the 
later  ones.  Where  it  is  not  reached,  it  is  necessary  to  provide  for  recycling  juice  between  the 
outlet  and  the  inlet  of  the  vessel,  in  order  to  assure  complete  wetting  of  the  tubes  and 
avoiding  periods  of  operation  with  partly  dry  tubes  at  times  of  low  juice  flow.  The  rate  of 
40  kg/h/tube  is  considered  as  optimal,  and  the  recycling  pump  is  calculated  on  this  quantity. 

Control  of  the  multiple  effects 

During  the  period  when  the  multiple  effects  required  a  special  operator  (generally  known  as 
the  effect  boiler)  responsible  for  the  control  of  the  station,  the  three  principal  points  to  which 
he  had  to  pay  attention  were: 

(a)  The  juice  level  in  the  vessels  (cf.  p.  533) 

(b)  The  incondensable  gases  (cf.  p.  528) 

(c)  Brix  of  the  syrup  (cf.  p.  535) 

Today,  levels  and  brix  are  controlled  by  automatic  regulators  and  there  remain  only  the 
incondensable-gas  valves  to  be  opened  to  a  sufficient  and  not  excessive  extent. 

Where  the  evaporators  are  of  ample  capacity,  the  brix  of  syrup  may  be  regulated  either 
by  means  of  the  steam  admission  valve  to  the  first  effect,  or  by  regulating  the  vacuum  at  the 
last  effect.  The  latter  process  is  preferable  as  it  allows  the  vapour  temperatures  of  the  various 
effects  to  be  increased  in  turn,  each  one  influencing  the  preceding,  and  thus  enables  a  better 
efficiency  to  be  obtained  from  the  vapour  bleeding  and  thus  from  juice  heaters,  pans  and 
from  the  multiple  effects  themselves. 

Where  a  special  heater-condenser  is  installed  for  the  multiple  effects,  it  is  similarly  of  ad- 
vantage to  place  the  vacuum  control  of  the  multiple  effects  after  the  heater-condenser,  so  that 
the  latter  may  benefit  by  the  arrangement. 

Maximum  vacuum.  We  have  already  seen  (p.  541)  that  it  is  advantageous  not  to  exceed 
a  certain  vacuum,  in  order  to  avoid  entrainment .  Furthermore,  when  the  vacuum  is  high,  the 
syrup  temperature  falls  in  consequence.  It  was  considered  in  Java  that  the  minimum 
temperature  acceptable  for  the  syrup  at  entry  to  the  pans  was  60°C  (140°F).  Below  this,  false 
grain  is  liable  to  form  at  each  charge  of  syrup,  and  in  order  to  avoid  this  disadvantage,  it 
would  be  necessary  to  re-heat  the  syrup;  this  would  be  troublesome. 

Now  60°C  ( 1 40°  F) in  the  syrup  corresponds  to  approximately  55°C  (1 3 1  °F)  for  its  vapour, 
say  64  cm  (25  in.). vacuum,  and  we  should  also  take  into  account  the  cooling  of  the  syrup 
in  the  storage  tanks.  It  would  be  of  advantage  to  lag  these  carefully. 

When  the  equipment  permits  the  evaporators  and  the  pans  to  be  operated  at  different 
vacua,  the  same  consideration  should  lead  to  operating  the  evaporators  at  a  lower  vacuum 
than  the  pans.  This  allows  the  syrup  to  leave  the  multiple  effects  at  a  higher  temperature  than 
that  ruling  in  the  vacuum  pans,  and  consequently,  allowing  for  a  certain  unavoidable  cooling 
and  for  the  boiling-point  elevation  of  the  massecuite,  greater  than  that  of  the  syrup,  allows 
the  syrup  to  enter  the  pans  at  a  temperature  substantially  equal  to  that  of  the  boiling 
massecuites. 
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Leaks.  It  happens  sometimes  that  the  vacuum  does  not  hold,  although  all  visible  leaks  have 
been  stopped.  It  is  possible  then  that  the  cast  iron  of  the  vessels  or  the  vacuum  piping  may 
be  porous. 

In  this  case  the  best  procedure  is  to  run  the  vacuum  pump  to  establish  a  certain  vacuum, 
and  then  to  paint  the  whole  installation  with  a  thick  paint.  The  paint  will  penetrate  into  the 
pores  of  the  metal,  and  will  seal  them  as  it  dries. 


Locating  leaks.  When  the  vacuum  does  not  hold,  a  search  will  be  made  for  leakages.  For 
this  purpose,  close  all  the  cocks,  valves,  etc.,  of  juice,  condensate,  incondensable  gases, 
vacuum,  etc.  and  establish  a  vacuum. 

If  this  does  not  reach  68.5  cm  (27  in.),  the  leak  is  located  in  the  vacuum  piping. 

If  the  vacuum  attains  68.5  cm,  the  vacuum  valve  to  the  last  vessel  will  then  be  opened.  If 
the  vacuum  here  is  almost  as  high,  then  the  incondensable-gas  valve  from  the  last  vessel  will 
be  opened,  which  will  put  the  third  vessel  under  vacuum.  This  is  continued  with  all  vessels 
in  turn,  until  a  more  or  less  rapid  fall  in  vacuum  discloses  the  vessel  at  fault. 

It  is  considered  that  a  vessel  is  sufficiently  free  from  leaks  when,  after  raising  vacuum  for 
the  test  to  63.5  cm  (25  in.),  it  does  not  fall  more  than  13  mm  (jin.)  in  a  quarter  of  an  hour. 


Purity  rise  during  evaporation.  Nearly  always  a  rise  in  purity  of  juice  is  detected  in  the 
course  of  evaporation.  In  Java  this  purity  rise  has  been  found  approximately  equal  to  the 
following  values: 


Defecation  factories:  0.8 
Sulphitation  factories:  0.9 
Carbonatation  factories:  0.4 

According  to  Marches74,  the  causes  of  this  rise  are  the  following: 


(/)  True  purity  rise.  A  certain  elimination  of  non- sugars  occurs  during  the  evaporation  ow- 
ing to: 

(a)  Gases,  CO2,  NHj  and  glyoxal,  which  escape  with  the  vapour.  This  corresponds  to  a 
purity  rise  of  approximately  0.03. 

(b)  Materials  in  solution  which  deposit  on  the  tubes.  This  corresponds  to  a  rise  of  about 
0.04,  or  0.1  at  most. 


(2)  Apparent  purity  rise.  On  the  other  hand1. 

{a)  a  Vxa^otmaX\ox\      red\ic\rv%  sugars  occurs,  \m\yvc\v  shews,  Up  as  a  decrease  vrv  their 
TOlatOtV  power.  Hence  an  apparent  punl^  v«e  s\\ghr\\f  greater  l\\an  the       preceding  ones. 

This  increase  is  greater  wften  the  temperature  \s  higher.  It  \s  greater  wvl^  a  pte-evaporavor 
or  evaporation  under  pressure  than  in  an  ordinary  evaporator. 

m  In  the  laboratory,  the  syrup  is  diluted  for  analysis,  while  the  Julce  1S  not.  Th,s  tdUSC 
an  error  inthebrix  andthe  polarisation,  due  to  the  concentration,  and  leads  to  an  apparent 
purity  rise  which  is  difficult  to  evaluate. 
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Possible  causes  of  unsatisfactory  operation  of  a  multiple  effect 

When  a  multiple  effect  is  not  giving  the  results  which  could  be  expected  of  it,  it  is  necessary 
to  seek  the  cause  or  causes  of  this  poor  operation. 

This  cause  could  be  common  to  all  vessels,  or  peculiar  to  one  vessel.  In  the  latter  case  it 
is  sometimes  difficult  to  locate  it.  There  would  be  no  question  of  attempting  to  do  this  by 
a  measure  or  an  estimation  of  the  quantity  of  vapour  given  off  (or  of  the  corresponding  con- 
densate), since  bad  work  at  one  vessel  influences  the  others  and  since,  in  a  quadruple  without 
vapour  bleeding,  for  example,  the  quantities  of  water  evaporated  in  each  of  the  4  vessels 
would  in  all  cases  be  approximately  equal. 

On  the  contrary,  the  object  will  be  to  find  out  what  temperature  drop  each  vessel  requires 
in  order  to  furnish,  with  the  available  heating  surface,  the  evaporation  which  it  is  giving.  For 
this  the  method  of  checking  already  described  (p.  600)  will  be  employed.  But  it  is  still  possible 
to  reach  a  negative  result,  according  to  the  real  cause  of  the  trouble.  For  example,  if  it  is 
a  case  of  a  leak  in  the  bottom  of  a  calandria,  the  calculation  will  not  give  any  conclusion: 
it  would  be  necessary,  in  this  case,  to  be  able  to  determine  the  brix  of  the  juice  leaving  each 
vessel,  and  to  compare  it  with  that  which  normal  operation  should  give.  Unfortunately  there 
is  generally  no  means  of  obtaining  a  sample  of  the  juice  leaving  the  various  vessels,  except 
the  last  one. 

The  following  are  several  possible  causes  of  faulty  operation: 

(a)  Excessive  deposits  of  scale  in  one  or  several  vessels.  Insufficient  cleaning,  leaving  a 
hard  layer  sometimes  difficult  to  detect  (cf.  the  case  mentioned  in  the  second  paragraph 
under  Distribution  of  scale  on  p.  547). 

(b)  Layer  of  grease  on  the  exterior  of  the  tubes  of  the  1  st  vessel.  In  addition  to  the  methods 
which  we  have  discussed  for  removing  this  during  the  slack  season  (cf.  p.  546),  Selman  and 
Plomley75  give  a  method  applicable  during  the  operation  of  the  equipment:  inject  into  the 
steam  reaching  the  first  calandria  about  150  1  (30  gal.)  of  kerosene,  in  the  ratio  of  2.5-5 
l/min(0.5  -  1  gal./min),  by  means  of  a  hand  pump.  Care  must  be  taken  during  this  opera- 
tion, to  discard  the  condensate  from  this  calandria. 

(c)  A  leak  at  the  top  or  particularly  at  the  base  of  a  tube  or  of  a  calandria.  To  locate  this, 
try  the  several  vessels  under  water  pressure,  taking  advantage  of  the  weekend  shutdown. 

(d)  Blockage  or  poor  location,  or  insufficient  opening,  of  the  incondensable-gas  with- 
drawal pipes. 

(e)  Entrance  of  air  into  a  vapour  pipe,  a  vessel  or  a  calandria. 
(/)  Blockage  of  a  connecting  juice  pipe  by  a  foreign  body. 

(g)  Juice  level  too  far  from  the  optimum  (cf.  p.  533).  This  fault  is  particularly  serious  in 
the  last  two  vessels. 


SPECIAL  MULTIPLE  EFFECTS 

In  addition  to  the  standard  type,  which  provides  by  far  the  great  majority  of  multiple  effects, 
there  exists  a  multitude  of  types  of  evaporator  body,  but  generally  they  are  of  restricted  in- 
terest only.  The  only  special  type  which  is  fairly  interesting  and  widespread  is  the  Kestner. 
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Kestner  evaporator 

This  model  was  designed  at  the  beginning  of  the  20th  century  by  the  French  engineer  Paul 
Kestner.  It  is  based  on  the  principle  of  the  "climbing  film":  when  a  liquid  is  heated  in  a  very 
long  vertical  tube,  the  vapour  bubbles  which  form  at  the  base  of  the  tube  increase  in  size  as 
they  rise,  and  their  diameter  rapidly  attains  that  of  the  tube.  From  then  on,  the  upper  part 
of  the  tube  is  traversed  only  by,  first,  a  chain  of  bubbles,  then  a  film  of  juice,  against  the 
tube,  entrained  by  the  friction  of  the  upward  current  of  vapour.  The  transmission  of  heat 
is  thus  favoured  by: 

(7)  The  decrease  in  the  mean  distance  between  the  particles  of  liquid  and  the  heating  sur- 
face 

(2)  The  very  high  velocity  of  the  liquid. 

Length  of  tubes.  Kestner  evaporators  generally  have  tubes  7  m  (23  ft.)  in  length.  However, 
Claassen  has  shown  that  the  coefficient  of  heat  transfer  of  a  Kestner  passed  through  a  max- 
imum with  a  tube  length  of  4.9  m  (16  ft.)  (The  diameter  of  the  tubes  concerned  is  not  stated.) 

Diameter  of  tubes.  The  tubes  have  diameters  varying  from  27  to  38  mm  (1  -  in.).  In 
genera],  a  certain  relationship  is  maintained  between  the  diameter  and  length  of  the  tubes, 
the  tube  length  being  greater  as  the  diameter  increases  (this  is  the  opposite  of  what  is  done 
in  ordinary  evaporators,  cf.  p.  511),  so  as  to  obtain  the  climbing-film  effect  which  here  is 
indispensable. 

Juice  level.  The  Kestner  principle,  by  realisation  of  the  climbing  film,  permits  of  a  decrease 
of  the  hydrostatic  pressure  which  would  be  caused  by  the  greater  length  of  the  tubes.  In  ef- 
fect, the  bubbles,  when  they  occupy  the  full  diameter  of  the  tube,  break  the  continuity  of 
the  liquid  column,  in  such  a  way  that  the  ordinary  hydrostatic  law  is  not  applicable.  The 
pressure  which  this  column  exerts  at  the  bottom  corresponds  to  a  column  partly  liquid,  partly 
gas,  and  much  lighter  than  a  continuous  liquid  column  in  which  small  bubbles  do  not  affect 
the  pressure.  Further,  the  climbing  film  produces,  from  the  friction  of  the  vapour  with  the 
film  of  juice,  a  negative  dynamic  effect,  just  as  a  liquid  which  is  flowing  in  the  opposite  direc- 
tion towards  the  bottom  would  produce  on  the  liquid  at  the  bottom  a  positive  dynamic  effect 
which  would  be  added  to  the  static  pressure. 

It  follows  that  the  optimum  level  of  juice  in  a  Kestner  corresponds  to  a  liquid  column  of 
height  equal  to  about  20%  of  the  length  of  the  tubes,  instead  of  30  or  35%  in  ordinary 
evaporators. 

Vapour  separator.  A  Kestner  evaporator  may  be  arranged  in  two  different  ways,  from  the 
point  of  view  circulation  of  vapour  and  juice.  There  is  the  ordinary  arrangement  (Fig.  32.52), 
most  frequent  in  the  beet  industry,  and  the  arrangement  with  an  independent  tangential 
separator  (Fig.  32.53),  which  is  recommended  in  the  cane  sugar  factory. 

The  separator,  in  the  latter  case,  is  located  between  two  successive  vessels,  and  slightly 
towards  the  rear.  It  is  sometimes  rather  difficult  to  find  space  for  it. 

Conditions  for  good  performance.  The  theoretical  advantage  of  the  climbing  film  is  not 
generally  realised  in  practice  with  the  Kestner.  When  a  Kestner  installation  is  designed,  the 
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Fig.  32.52.  Kestner  evaporator.  Fig.  32.53.  Kestner  with  independent  tangential  separator. 

same  heat-transfer  coefficients  are  used  as  for  ordinary  vessels.  The  difference,  if  there  is 
one,  is  very  slight. 

On  the  other  hand,  the  Kestner  is  very  exacting  from  certain  points  of  view.  The  climbing 
film  actually  exists  only  on  condition  that  the  juice  is  boiling.  If  it  arrives  in  the  vessel  at  a 
temperature  appreciably  lower  than  its  boiling  temperature,  it  must  be  heated  up  to  that 
temperature.  It  is  necessary  then  that  a  certain  portion  of  the  heating  surface  should  serve 
as  a  heater.  Now  in  the  Kestner  the  juice  traverses  the  tubes  only  once,  as  it  rises;  and  the 
heat  transfer  is  much  worse  in  the  fraction  of  the  tube  which  works  under  submerged  condi- 
tions and  performs  the  juice  heating,  than  in  the  portion  which  works  as  an  evaporator, 
where  the  liquid  is  climbing.  The  fraction  functioning  as  a  heater  thus  corresponds  to  the 
submerged  portion  of  the  tubes,  since  a  climbing  film  cannot  exist  there.  It  is  obviously 
desirable  that  this  fraction  be  as  short  as  possible. 

It  follows  that  a  Kestner  will  not  function  satisfactorily  unless  it  receives  juice  very  close 
to  its  boiling  point.  This  is  the  point  in  which  the  Kestner  is  inferior  to  ordinary  evaporators 
which,  themselves,  are  very  well  suited  for  heating  the  entering  juice  as  well  as  evaporating  it. 
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Since  it  is  especially  as  a  first  vessel  that  Kestner  evaporators  are  installed,  this  point  is  im- 
portant. A  Kestner  will  only  be  installed  as  a  first  effect  on  condition  that  it  is  fed  with  juice 
at  a  temperature  within  3°C  (9°F)  of  the  boiling  point  of  the  juice  in  that  vessel.  Preferably 
the  juice  would  be  passed  through  a  heater  using  exhaust  steam  before  the  Kestner,  so  as  to 
raise  the  juice  to  a  temperature  equal  to  or  higher  than  that  of  the  juice  in  the  vessel. 

Application  of  Kestner.  The  juice  forms  a  climbing  film  only  when  it  is  light;  a  thick  and 
viscous  syrup  climbs  badly.  In  the  same  way,  steam  at  high  temperature  causes  a  more  violent 
ebullition  than  vapour  under  vacuum.  It  is  for  these  two  reasons  that  the  tendency  is  to 
employ  the  Kestner  rather  as  a  1st  vessel  than  as  a  complete  multiple  effect.  However,  triple- 
and  even  quadruple-effect  Kestners  are  sometimes  found. 

Advantages  and  disadvantages,  (a)  Advantages,  The  Kestner  takes  up  less  floor  space.  The 
juice  passes  through  it  very  rapidly,  in  about  30  s,  and  this  reduces  risks  of  inversion  and 
coloration  when  working  at  high  pressure  and  temperature.  If  it  is  functioning  well,  scale  for- 
mation is  much  slower,  and  we  know  of  one  factory  possessing  a  Kestner  first  effect,  very 
generously  designed,  which  is  never  cleaned  either  with  mechanical  cleaners  or  with  acid  dur- 
ing the  whole  crushing  season.  Cleaning  is  carried  out  only  in  the  slack  season.  This  is  a  great 
advantage,  which  unfortunately  is  impossible  to  guarantee  beforehand. 

(b)  Disadvantages.  On  the  other  hand,  the  Kestner  requires  high  head  room,  and  it  is  rarely 
that  it  can  be  installed  in  a  building  served  by  a  travelling  crane  without  obstructing  the 
passage  of  the  crane.  If  it  is  provided  with  an  independent  separator,  it  takes  up  more  space 
in  the  horizontal  plane.  It  requires  hot  juice  or  a  supplementary  heater. 

On  account  of  the  very  brief  transit  time  of  the  juice,  a  Kestner  multiple  effect  cannot  be 
employed  to  store  the  juice,  as  is  often  done  with  ordinary  multiple  effects,  in  order  to 
smooth  out  fluctuations  between  clarification  and  the  pan  stage;  on  the  contrary,  it  requires 
a  storage  tank  capable  of  holding  a  substantial  quantity  of  clarified  juice. 

Summary.  In  short,  the  Kestner  will  be  employed  for  preference,  either  as  a  1st  effect,  or 
in  a  triple  effect  under  pressure,  on  a  very  clean  juice  which  has  been  well  heated. 
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We  have  seen  (p.  567)  that  the  steam  economy  of  an  evaporator  set  depended  on  the  possibili- 
ty of  bleeding  vapour  from  the  vessels  further  on  in  the  set.  But  at  the  same  time,  we  conclud- 
ed that  the  latter,  in  ordinary  multiple  effects,  offered  only  slight  possibilities  of  vapour 
bleeding,  since  the  vapour  which  they  furnish  was  at  low  temperature,  and  had  little  value 
and  little  application. 

Consideration  has  been  given  to  raising  the  lower  limit  of  the  temperature  range  of  a  multi- 
ple effect  in  such  a  way  that  the  vapour  from  the  last  vessel  would  be  at  a  temperature  suffi- 
cient to  play  its  full  part  in  the  principal  heating  applications  in  the  factory. 

At  the  same  time  it  has  been  necessary  to  raise  the  upper  limit  of  the  range  of  temperatures, 
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otherwise  the  overall  temperature  drop  available  would  not  be  sufficient  to  permit  the  in- 
stallation of  a  multiple  effect. 

On  the  other  hand,  the  total  temperature  drop  becomes  seriously  reduced,  and  it  is  general- 
ly necessary  to  limit  the  installation  to  a  triple  effect. 

Finally,  the  most  frequent  solution  of  a  multiple  effect  under  pressure  is  a  triple  effect 
functioning  between  135-  140°  and  100  -  105°C  (275 -285°  and  212- 220°F). 

Table  32.35  gives  several  values  for  temperatures  and  heat-transfer  coefficients  obtained 
with  a  triple  effect  functioning  under  these  conditions: 
A  =  net  temperature  drop  in  the  vessel,  in  °C  (°F)  (total  drop  =  28.5°C) 
r   -  latent  heat  of  vaporisation,  in  kcal/kg  (B.T.U./lb.) 

K  =  heat-transfer  coefficient  in  the  vessel,  in  kcal/m2/°C/h  (B.T.U./sq.ft./°F/h) 
c   =  true  specific  evaporation  coefficient  for  the  vessel,  in  kg/mV°C/h  (lb./sq.ft./°F/h) 
net  temperature  drop. 

On  account  of  the  high  temperature  reached  by  the  juice  in  the  1  st  vessel,  it  is  of  advantage 
to  make  this  triple  effect  in  the  form  of  a  Kestner,  so  as  to  reduce  the  time  of  exposure  of 
the  juice  to  these  high  temperatures. 

TABLE  32.35 


TRIPLE  EFFECT  UNDER  PRESSURE:  TYPICA1  EXAMPLE   -   BEET  FACTORY 


Temp,  of 

Temp,  of 

Temp,  of 

A 

r 

K 

c 

heating 

vapour 

juice 

steam 

from 

juice 

(°C)  <°F) 

CQ  (°F) 

CQ  CP) 

1st  effect 

138  280 

128  262 

128  262.5 

10  17.5 

520(936) 

2,587  (530) 

5.04  (0.574) 

2nd  effect 

128  262 

116  241 

117  243 

•  11  19 

528  (950) 

1,611  (330) 

3.05  (0.347) 

3rd  effect 

116  241 

104  219 

108  226 

8  15 

536  (965) 

879  (180) 

1.69  (0.192) 

With  the  temperatures  of  juice  indicated,  most  of  the  heating  can  be  effected  with  vapour 
from  the  last  vessel.  The  latter  is  therefore  calculated  with  the  object  of  supplying  vapour 
for  as  much  heating  as  possible;  vapour  bleeding  is  not  carried  out  from  the  2nd  and  1st 
vessels  beyond  the  minimum  necessary  for  the  heating  at  the  highest  temperatures.  Thus  the 
maximum  economy  is  obtained. 

In  order  to  cope  with  variations  in  rate  and  temperature  in  the  factory,  the  practice  is  never 
to  use  all  the  vapour  theoretically  available  from  the  last  vessel,  and  a  certain  quantity  is  left 
to  pass  to  the  condenser.  A  solution  sometimes  adopted  consists  of  following  the  3rd  vessel 
by  a  "concentrator",  which  is  simply  a  small  4th  vessel  under  vacuum,  designed  to  absorb 
the  excess  vapour  left  as  a  safety  measure,  and  preceding  the  condenser. 

77 

Campbell  Macdonald  cites  a  triple  effect  under  pressure,  in  which  the  vapour  from  the 
3rd  vessel  is  at  106°C  (223°F)  and  which  is  followed  by  a  concentrator  functioning  between 
106°  and  84°C  (223°  and  183°F).  The  heating  surfaces  suggested  in  this  case  are: 
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Heating 

surface 

Heat-transfer 

coeff.,  K 

Evap. 

coeff.,  r 

(m2) 

(sq.ft.) 

(kcal/m2/ 

(B.T.UJ 

(kg/m2/ 

(ib./sq.ft./ 

Of~*  /It  L 

t-/n; 

sq.Jt.  /  t/ti) 

O  IT  /It  1 

r/n) 

1st  effect 

1,000 

10,760 

2,616 

535 

5.01 

0.57 

2nd  effect 

1,500 

16,140 

(2  vessels  of  750  m2) 

1,680 

344 

3.16 

0.36 

3rd  effect 

2,803 

30,128 

(4  vessels  of  700  m2) 

852 

175 

1.58 

0.18 

The  author  proposes  that  the  lengths  of  tube  should  decrease  and  their  diameters  increase 
from  the  1st  to  the  last  vessel,  in  keeping  with  the  increase  in  brix. 


Application.  The  multiple  effect  under  pressure  functioning,  for  example,  between  135  and 
105°C(275  and  221  °F)  would  obviously  require  a  greater  heating  surface  than  that  of  a  tri- 
ple, or  of  a  quadruple,  or  even  of  a  quintuple,  functioning  between  135  and  55  °C  (275  and 
131  °F).  However,  the  difference  would  be  in  the  opposite  direction  if  the  pressure  triple  ef- 
fect were  compared  with  a  normal  quadruple  working  between  115  and  55°C  (239  and 
131  °F),  and  the  steam  economy  would  be  far  superior  in  the  case  of  the  multiple  effect  under 
pressure. 

This  is  therefore  an  excellent  solution.  But  it  is  possible  only  in  the  case  where  a  new  factory 
is  being  built,  or  indeed  where  a  concomitant  alteration  to  the  plant  permits  the  back-pressure 
to  be  raised  to  the  required  value.  In  an  existing  factory,  such  a  scheme  would  be  limited 
generally  by  the  impossibility  of  operating  the  steam  engines  or  turbines  with  a  back-pressure 
of  1.5 -2  kg/cm2  (20-30  p.s.i.),.much  higher  than  that  for  which  they  were  designed. 

However,  if  the  back-pressure  can  be  raised  to  a  moderate  extent,  an  intermediate  solution 
could  be  adopted,  for  example,  a  quadruple  partly  under  pressure,  partly  under  vacuum, 
which  would  then  permit  a  gain  of  one  stage  in  the  use  of  vapour  for  heating. 

In  practice,  evaporation  fully  under  pressure  is  never  used  for  cane  sugar.  The  system  is 
generally  arranged  so  as  to  draw  the  maximum  from  the  last  vessel  under  pressure;  this  is 
followed  by  an  evaporator  vessel  the  vapour  of  which  is  at  100°C  and  which,  in  addition  to 
the  vapour  bleeding  for  which  it  is  provided,  is  arranged  to  leave  an  excess  of  vapour  which 
goes  to  a  concentrator  working  under  vacuum.  Thus  we  have  an  evaporation  which  copes 
more  readily  with  variations  in  juice  supply  to  the  boiling  house. 

With  regard  to  steam  consumption,  a  German  report78  estimates  that  evaporation  under 
pressure  permits  of  reducing  the  steam  consumption  to  321  kg/t.c.  (709  Ib./t.c),  with  an 
economy  of  bagasse  amounting  to  46%.  It  is  considered  that  the  first  vessel  must  be  of 
falling-film  type,  where  the  juice  passes  through  very  quickly;  otherwise  there  would  be 
marked  decomposition  of  sucrose,  due  to  the  temperature  of  125°C  (255°F)  required.  In  the 
beet  sugar  industry  there  is  no  such  problem,  since  beet  juice  is  thermo-stable  even  at 
125-  130°C  (255-265°F). 

FALLING-FILM  EVAPORATORS 

Falling-film  evaporators,  already  in  use  for  some  years  in  the  beet  sugar  factories,  are  the 
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object  of  some  interest  in  the  cane  sugar  factory.  They  are  a  class  of  evaporator  vessels  in 
which  the  juice  travels  from  top  to  bottom  (Fig.  32.54,  32.55),  as  distinct  from  the  general 
evaporators  where  the  juice  moves  upwards,  sometimes  known  as  climbing-film  evaporators. 
When  the  juice  is  fed  at  the  top  of  the  tubes,  it  descends  in  the  tubes  entraining  with  it  the 
vapour  produced,  and  collects  in  a  lower  chamber  where  the  vapour  separates  and  from 
which  it  is  evacuated  to  the  following  vessel  or  the  condenser. 


Such  evaporators  show  several  advantages.  They  have  a  good  heat  transfer,  since  there  is 
no  boiling-point  elevation  due  to  hydrostatic  pressure,  as  the  juice  is  not  subjected  to  such 
pressure.  There  is  no  expenditure  of  energy  to  produce  upward  movement  of  the  juice;  this 
is  indeed  very  small,  but  is  produced  at  the  expense  of  heat  exchange.  The  evaporators  are 
designed  so  that  the  juice  is  in  contact  with  the  heating  surface  in  a  thin  layer  over  the  length 
of  the  heating  surface,  hence  in  intimate  contact,  and  the  vapour,  being  unable  to  leave  from 
the  upper  portion,  is  entrained  with  the  juice  and  fills  the  interior  of  the  tube;  hence  there  are 
no  vapour  bubbles  to  obstruct  the  upward  flow  of  juice,  as  in  the  climbing-film  evaporator. 


Fig.  32.54.  Falling  film  evaporator  (B.M.A.). 
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Fig.  32.55.  Falling  film  evaporator  (B.M.A.). 


We  describe  here  the  Fives  Cail —  Babcock  falling-film  evaporator  vessel,  patented  in  1979 
by  Andre  Longuel  (Fig.  32.56).  It  is  built  with  very  long  tubes  (7-8  m  (23-26  ft.)  at  least, 
and  normally  10  m  (32  ft.)).  It  follows  that  for  a  given  heating  surface,  the  evaporator  vessel 
is  of  small  diameter  (e.g.  3  m  for  2,440  m2)  While  the  lower  vessel  receiving  the  juice  is  ob- 
viously larger  (e.g.  3.8  m),  this  reduces  the  area  required  in  the  horizontal  plane,  naturally 
at  the  expense  of  height  required. 

The  main  problem,  with  a  descending-film  evaporator,  is  the  distribution  of  juice  on  the 
upper  tube  plate.  It  is  necessary  that  all  tubes  from  this  plate,  or  from  one  section  of 
the  tube  plate,  should  receive  the  required  volume  of  juice  so  that  the  juice  is  distributed 
only  in  a  thin  layer  around  the  tube,  and  that  no  section  of  tube  remains  dry  at  any  moment. 

With  this  object,  the  total  area  of  the  tube  plate  is  divided  into  enough  sections  to  assure 
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Fig.  32.56.  Falling  film  evaporator  license  Longuet  (Fives  Cail-  Babcock). 


the  optimum  wetting  of  the  tubes:  1,  2  or  3  sections,  according  to  the  size  of  the  vessel.  The 
figure  m,  expressing  the  distribution  or  wetting  of  the  tubes  by  the  juice,  is  calculated  as 
Q/nird,  where  Q  is  the  weight  of  juice  in  kg/h  (lb./h),  n  the  number  of  tubes,  and  d  their 
diameter.  The  optimum  figure  sought  varies  from  500  to  600  kg/h/m)  (335-400  lb./ft./h) 
of  circumference  of  tubes,  to  a  maximum  of  1,200-1,500  (800-  1,000). 

The  tubes  are  in  stainless  steel,  45.1  x  48.3  mm,  thus  1.6  mm  (-^in.)  in  thickness.  The 
juice  arrives  at  each  section  by  a  pipe  which  divides  into  several  distributors  (Fig.  32.57). 
Each  of  these  delivers  onto  a  set  of  conical  deflectors  of  decreasing  diameter,  with  a  hole 
in  the  centre,  also  of  decreasing  diameter.  The  tubes  are  arranged  in  staggered  spacing,  and 
the  juice  is  delivered  in  succession  onto  three  rows  of  bars  (split  tubes,  or  angle-pieces  with 
the  angle  upwards)  set  parallel  in  3  rows  one  above  the  other  at  angles  of  120°,  each  being 
situated  above  a  row  of  tubes  (Fig.  32.58,  32.59).  The  final  row  of  these  bars  is  just  above 
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Fig"  .12.57.  Disiribuioi  lor  railing  film  evappraioi  (Fives  Cai  -  Bab  cock) 


32.58.  Three-sector  distributor  for  falling  film  evaporator  Firsi  layer  of  bars. 
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Fig.  32.59.  Falling  film  vessel  showing  the  three-seetor  distributor  (Fives  Cail  -  Babcock) 

the  tube  plate,  and  the  juice  falls  onto  the  tube  plate  in  the  inter-tube  spaces.  The  juice  is 
prevented  from  falling  directly  into  the  tube  by  conical  or  convex  caps  located  above  each 
tube  as  an  umbrella.  Hence  the  juice  can  enter  the  tube  only  by  its  periphery,  thus  forming 
a  film  on  the  tube  surface.  The  cap  is  supported  by  a  plastic  piece  in  the  shape  of  a  3-point 
star  filling  the  interior  tube  diameter  and  notched  to  support  it  on  the  plate;  its  three  vertical 
wings,  a  few  centimetres  in  length,  have  a  bevelled  edge  at  the  lower  end,  shaped  so  that  the 
juice  flows  towards  the  wall  of  the  tube.  These  "valve-caps"  are  held  in  place  by  the  third 
row  of  bars  above  them. 

At  the  outlet  from  the  tube,  the  juice  falls  to  the  bottom  of  the  vessel,  and  the  vapour 
leaves  by  an  opening  below  the  calandria,  after  traversing  an  entrainment  separator  similar 
to  that  of  Fig.  32.29,  which  it  traverses  in  series. 

The  tubes  are  in  stainless  steel  SF.  17  (Inox  430),  which  has  the  same  coefficient  of  expan- 
sion as  the  ordinary  steel  of  the  vessel  surrounding  the  calandria;  an  indispensable  condition, 
on  account  of  the  length  of  the  tubes.  For  this  same  reason,  these  falling-film  evaporators 
are  located  out  in  the  open,  as  removal  of  the  10-m  tubes  is  effected  from  the  top. 

The  heating  steam  enters  in  the  upper  one-third  of  the  calandria;  at  this  position,  the  bun- 
dle of  tubes  is  surrounded  by  a  sleeve  which  protects  it  from  the  impact  of  the  steam,  and 
permits  a  better  distribution  of  steam  (Figs.  32.56  and  32.60).  Incondensable  gases  are 
evacuated  at  the  top  and  bottom  of  the  calandria. 

This  model  makes  no  provision  for  recycling  juice,  which  would  increase  the  time  of  the 
juice  in  the  vessel  and  is  not  required  where  the  juice  adequately  wets  the  tube  surface.  For 
recycling,  the  calandria  must  be  divided  into  two  or  three  sections,  particularly  in  the  later 
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3  juice  inlets 


3  vapour  outlets 


1  vapour  outlet 


Wind 


Fig.  32.60.  Falling  film  evaporator  with  enlarged  base  (Fives  Cail- Babcock). 


vessels.  Some  equipment  manufacturers  provide  for  recycling  by  enlarging  the  lower  portion 
of  the  evaporator  shell  below  the  calandria  (Figs.  32.60  and  32.61),  thus  providing  more 
space  for  disengagement  of  the  vapour.  In  this  case,  a  mesh  eliminator  can  be  provided  in 
the  path  of  the  vapour.  It  is  then  necessary  to  clean  the  eliminator  at  least  once  per  shift, 
by  a  suitable  device  actuated  by  an  automatic  timer  (Fig.  32.61).  This  portion  of  the  vessel 
is  illuminated  by  a  lamp  at  a  lateral  sight  glass,  to  permit  of  inspection. 

The  coefficient  of  heat  transfer  is  superior  to  that  of  climbing-film  evaporators;  hence  the 
falling-film  evaporator  can  work  under  an  appreciably  lower  temperature  drop.  It  is  thus  in- 
dicated for  use  in  conjunction  with  a  turbo-compressor  (Fig.  32.61). 
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Product 


Recycte 
pump 

Fig.  32.61.  Falling  film  vessel  with  mattress  separator  and  turbo-compressor  (By  courtesy  of  the  Int.  Sugar  Jour- 
nal). 


Use  of  falling-film  evaporation  has  not  expanded  rapidly;  the  first  installations,  in  Italy, 
gave  some  trouble  due  to  uneven  distribution  of  juice.  However,  they  are  now  operating  effi- 
ciently, with  due  observance  of  the  precautions  described,  and  are  adopted  particularly  where 
a  high  degree  of  steam  economy  is  required.  They  are  installed  in  single  evaporators  or  multi- 
ple sets  (quintuple  effects,  for  example),  and  give  every  satisfaction.  In  the  beet  sugar  in- 
dustry they  have  been  installed  heated  by  vapour  from  vacuum  pans.  A  complete  multiple- 
effect  evaporator  of  this  type  is  unstable  in  the  case  of  abrupt  variations  in  flow  of  juice, 
with  frequent  drying  of  the  tubes,  on  account  of  the  low  reserve  of  volume.  They  must  be 
arranged  to  operate  at  a  steady  rate  of  juice  flow. 

On  account  of  the  very  brief  period  of  juice  contact,  these  evaporators  may  be  operated 
with  steam  at  135°C  (275°F),  or  2.1  kg/cm2  (30  p.s.i.)  pressure.  This  is  their  principal  advan- 
tage. 
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33.  Sugar  Boiling 


When  juice  is  concentrated,  its  viscosity  rises  rapidly  with  brix  and,  when  the  latter  reaches 
78-80°,  crystals  begin  to  appear  and  the  nature  of  the  material  changes:  it  passes  pro- 
gressively from  the  liquid  state  to  a  part-solid,  part-liquid  condition.  It  loses  its  fluidity  more 
and  more,  and  completely  different  methods  are  required  for  handling  it.  It  is  then  called 
"massecuite". 

Its  consistency  no  longer  permits  of  boiling  it  in  narrow  tubes  or  of  circulating  it  easily 
from  one  vessel  to  another. 
For  this  reason,  a  change  is  made  to: 
(/)  Evaporation  in  single  effect 

(2)  A  type  of  equipment  similar  in  principle  but  better  adapted  in  detail  to  the  viscous  pro- 
duct which  it  is  to  concentrate. 

Brix  of  syrup 

We  have  already  seen  (p.  503)  that  the  optimum  concentration  of  syrup  at  which  to  make 
the  change  from  multiple  effect  to  vacuum  pans  is  approximately  60  -  70°  brix.  If  the  concen- 
tration is  taken  beyond  this  figure,  steam  economy  is  improved  because  a  little  more  is 
evaporated  in  multiple  and  a  little  less  in  single  effect;  but  it  becomes  more  difficult  for  the 
sugar  boiler  to  obtain  a  regular  grain. 

In  the  manufacture  of  white  sugar,  the  syrup  is  treated  between  the  evaporators  and  the 
pans,  either  by  decantation  or  by  filtration.  In  this  case,  one  must  be  content  with  a  syrup 
of  50-55°  brix;  above  this  value,  the  rate  of  settling  of  the  muds  decreases  rapidly,  as  does 
the  rate  of  filtration. 

Brix  of  massecuite 

The  brix  of  the  massecuite  depends  on  the  substances  dissolved  in  the  mother  liquor,  plus 
the  sugar  present  in  the  form  of  crystals. 

Analysis  of  the  massecuite  is  made  by  dissolving  a  certain  weight  of  the  massecuite  in  a 
known  volume  of  water.  The  sugar  percentage,  the  purity  and  the  brix  are  determined  on 
the  dilute  liquid  so  obtained.  The  sugar  in  crystal  form  is  therefore  included,  as  well  as  the 
sugar  in  solution  in  the  mother  liquor. 

Limit  of  concentration  obtainable 

The  concentration  of  the  massecuite  is  pushed  as  far  as  possible.  With  modern  pans  and  in 
a  well-controlled  factory  a  refractometric  brix  of  98°  (perhaps  approximately  94%  of  actual 
dry  substance)  may  be  obtained  and  even  slightly  exceeded.  In  factories  not  so  well  equipped, 
96°  brix  can  hardly  be  exceeded  in  the  heaviest  massecuites. 
Starting  with  1,000  kg  of  juice  at  13°  brix  and  concentrating  by  multiple  effect  to  65°  brix, 
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the  quantity  of  water  originally  present  in  the  juice  and  evaporated  by  multiple  effect 
becomes  (eqn.  (32.9)): 

E  =  1,000  (  1  -  ^)  =  800  kg 

The  quantity  of  syrup  is  therefore: 

S  =  1,000  -  800  =  200  kg 

and  the  fraction  of  the  water  originally  present  in  the  juice  and  evaporated  in  the  vacuum 
pan  thus  becomes,  if  the  boiling  is  carried  to  96°  brix: 


=  20q(lll-j|l)=65kg 


Contraction 

Actually  a  solution  of  sugar  occupies  a  smaller  volume  than  the  combined  volumes  of  the 
water  and  sugar.  This  contraction  has  a  maximum  value  at  a  concentration  given  by  Tromp1 
as  56%  and  by  Parr2  as  57.3%,  and  is  of  the  order  of  1%  at  that  concentration.  It  is, 
therefore,  very  slight  and  we  shall  neglect  it  in  our  calculations. 

Specific  heat  of  the  massecuite 

Equation  (30.1)  gives  the  specific  heat  of  syrups  and  molasses  with  an  approximation  suffi- 
cient for  practical  purposes.  But  the  massecuite  carries  with  it  also  crystals  of  sugar  which 
modify  the  total  specific  heat.  Roughly  we  can  reckon  for  the  massecuite: 

c  =   1  -  0.007  B  (33.1) 

c    =  specific  heat  of  massecuite 
B   =  brix  of  massecuite. 

This  formula  gives  a  suitable  value  only  when  the  massecuite  is  heavy.  Otherwise,  it  in 
necessary  to  take  a  value  intermediate  between  those  given  by  the  two  formulae  (30.1)  and 
(33.1),  or  to  adopt: 

c  =  1  -  0.001  16  +    r  \  B  (33.2) 


7    =  crystal  °7o  massecuite  by  weight. 


Saturation 

The  solubility  of  pure  sucrose  in  water  varies  with  temperature  and  increases  rapidly  with  in- 
crease of  temperature.  At  40°C,  for  example,  1  kg  of  water  is  capable  of  dissolving  2.334 
kg  of  sucrose;  at  80°C,  3.703  kg. 
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When  a  solution  contains  the  total  quantity  of  sucrose  which  it  can  dissolve,  it  is  said  to 
be  saturated. 

Juice.  However,  in  practice  we  always  have  to  deal  with  impure  materials,  i.e.  with  solu- 
tions containing  in  solution,  not  only  sucrose  but  other  materials  accompanying  it;  glucose, 

organic  substances,  mineral  salts,  etc. 

These  substances  modify  the  solubility  of  sucrose.  In  beet  juice,  impurities  increase  the 
solubility;  a  given  quantity  of  water  dissolves  more  sucrose  in  the  presence  of  impurities  than 
it  does  when  such  substances  are  absent.  The  opposite  holds  with  cane  products;  here  the 
solubility  of  sucrose  decreases  with  decreasing  purity. 

The  effect  varies  with  the  particular  impurities  in  each  case.  With  cane,  it  is  mainly  the 
reducing  sugars  which  cause  the  decrease  in  the  solubility  of  sucrose. 


TABLE  33.1 

SATURATED  CANE  SYRUP,  DISSOLVED  SOLIDS  %  SOLUTION  BY  WEIGHT  FOR  VARIOUS  TEMPERATURES  AND  PURITIES 


Temperature 

Purity   -  -   


62  °C 

64°C 

66  °C 

68  °C 

70°C 

72  °C 

74  °C 

76  °C 

78  °C 

80  "C 

(144°F) 

(147°F) 

(151  °F) 

(154°F) 

(J58°F) 

(162°F) 

(165°F) 

(169°  F) 

<172°F) 

(176°, 

92 

75.6 

76 

76.4 

76.8 

77.2 

11.6 

78 

78.4 

78.9 

79.3 

90 

75.9 

76.3 

76.6 

77.1 

77.5 

77.9 

78.3 

78.7 

79.1 

79.5 

88 

76.2 

76.5 

77 

77.3 

77.7 

78.1 

78.5 

78.9 

79.3 

79.7 

86 

76.5 

76.8 

77.2 

77.6 

78 

78.4 

78.8 

79.2 

79.6 

80 

84 

76.7 

77.1 

77.5 

77.9 

78.3 

78.7 

79.1 

79.5 

79.9 

80.3 

82 

77 

77.4 

77.8 

78.2 

78.6 

79 

79.4 

79.7 

80.1 

80.5 

80 

77.3 

77.7 

78.1 

78.5 

78.9 

79.2 

79.6 

80 

80.4 

80.8 

78 

77.6 

78 

78.4 

78.8 

79.2 

79.5 

79.9 

80.3 

80.7 

81.1 

76 

78 

78.4 

78.7 

79.1 

79.5 

79.8 

80.2 

80.6 

81 

81.4 

74 

78.3 

78.7 

79.1 

79.4 

79.8 

80.2 

80.5 

80.9 

81.3 

81.7 

72 

78.7 

79 

79.4 

79.8 

80.1 

80.5 

80.9 

81.2 

81.6 

82 

70 

79 

79.4 

79.7 

80.1 

80.5 

80.8 

81.2 

81.6 

81.9 

82.3 

68 

79.3 

79.7 

80.1 

80.4 

80.8 

81.1 

81.5 

81.9 

82.2 

82.6 

66 

79.7 

80.1 

80.4 

80.8 

81.1 

81.5 

81.8 

82.2 

82.6 

82.9 

64 

80.1 

80.4 

80.8 

81.1 

81.4 

81.8 

82.2 

82.5 

82.9 

83.2 

62 

80.4 

80.8 

81.1 

81.5 

81.7 

82.1 

82.5 

82.8 

83.2 

83.5 

60 

80.8 

81.1 

81.4 

81.8 

82.1 

82.4 

82.8 

83.1 

83.5 

83.8 

58 

81.1 

81.4 

81.7 

82.1 

82.4 

82.7 

83.1 

83.4 

83.8 

84.1 

56 

81.4 

81.7 

82 

82.4 

82.7 

83 

83.4 

83.7 

84.1 

84.4 

54 

81.7 

82.1 

82.4 

82.8 

83 

83.3 

83.7 

84 

84.4 

84.7 

52 

82.1 

82.4 

82.7 

83 

83.3 

83.7 

84 

84.3 

84.7 

85 

50 

82.4 

82.7 

83 

83.4 

83.7 

84 

84.3 

84.6 

85 

85.3 

48 

82.8 

83.1 

83.4 

83.7 

84.1 

84.3 

84.6 

85 

85.3 

85.6 

46 

83.2 

83.5 

83.8 

84.1 

84.4 

84.7 

85 

85.3 

85.6 

85.9 

44 

83.5 

83.8 

84.1 

84.4 

84.7 

85 

85.3 

85.6 

85.9 

86.2 

42 

83.9 

84.2 

84.5 

84.8 

85.1 

85.4 

85.6 

85.9 

86.2 

86.5 

Table  arranged  according  to  Thieme. 
In  practice,  the  brix  is  substituted  for  the  true  dissolved  solids  above,  though  the  difference  is  not  negligible. 
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The  solubility  coefficient*  (s)  is  the  ratio  of  the  quantity  of  sucrose  soluble  in  a  given 
weight  of  water  in  an  impure  solution,  at  a  certain  temperature,  to  the  quantity  soluble  in 
pure  water  at  the  same  temperature: 

_  Solubility  of  sucrose  %  water  in  impure  solution  (33  3) 

Solubility  of  sucrose  %  water  in  pure  solution 

The  solubility  coefficient  of  cane  products  increases  with  temperature,  but  this  effect  is 
relatively  small.  A  graph  showing  the  variation  of  solubility  coefficient  with  purity,  in  cane 
products,  is  given  in  Fig.  33.1.  This  plot  is  taken  from  the  work  of  Thieme  in  Java,  who 
directs  attention  to  the  very  approximate  nature  of  the  graph  given;  its  object  is  only  to  give 
an  idea  of  the  relationship,  the  solubility  coefficient  being  variable  and,  moreover,  difficult 
to  determine  with  precision. 

Table  33.1  gives  the  weight  of  material  dissolved  in  a  saturated  solution  of  juice,  syrup  or 
molasses  obtained  from  cane,  as  a  function  of  the  temperature  and  purity  of  the  solution. 
This  table  is  also  taken  from  the  work  of  Thieme  in  Java. 

It  will  be  noted  that  the  solubility  lies  in  the  neighbourhood  of  80%,  for  typical 
temperatures  and  purities. 


1  0.9  0.8  0.7  0.6  0.5 
Fig.  33.1.  Graph  of  solubility  coefficient. 


*  This  ratio  was  previously  termed  the  saturation  coefficient;  but  "solubility  coefficient"  is  preferred  as  being  more 
accurate  as  well  as  less  liable  to  confusion  with  "supersaturation  coefficient". 
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Supersaturation 

Saturation  is  a  state  of  stable  equilibrium  which  for  sugar  solutions  is  reached  neither  rapidly 
nor  easily.  If  a  solution  is  concentrated  by  evaporation,  or  if  it  is  cooled  beyond  the  satura- 
tion point,  the  crystals  do  not  appear  immediately  (or  necessarily)  in  the  material.  The  sugar 
still  remains  in  solution  and  the  solution  is  termed  supersaturated. 

The  supersaturation  coefficient  (S)  is  the  ratio  of  the  weight  of  sucrose  per  cent  water  con- 
tained in  a  supersaturated  solution  to  the  weight  of  sucrose  per  cent  water  which  would  be 
present  in  a  saturated  solution  having  the  same  temperature  and  the  same  purity: 

^  _  Sucrose  °7o  water  in  supersaturated  solution 
Sucrose  %  water  in  saturated  solution 


By  the  use  of  Table  33.1t  the  weight  of  material  dissolved  in  a  supersaturated  solution  is 
readily  calculated.  Let: 

B'  =  weight  of  material  dissolved  per  cent  of  supersaturated  solution 

B  ~  weight  of  material  dissolved  in  saturated  solution  of  the  same  purity  and  at  the  same 

temperature 
S   =  supersaturation  coefficient. 
We  have  then  (since  the  purities  are  the  same): 


100  -B' 
8 


whence: 

100  RS 

B'  =    (33.5) 

100  +  B  (S  -  1) 

Crystallisation 

In  commercial  operation  it  is  essential,  in  order  that  crystals  should  form  in  a  sugar  liquor, 
that  there  should  be  a  considerable  supersaturation.  In  proportion  as  the  crystals  form  and 
grow,  the  supersaturation  of  the  mother  liquor  drops.  To  maintain  the  supersaturation, 
therefore,  it  is  necessary  to  maintain  evaporation  of  water  and  supply  of  further  sugar- 
bearing  material. 
Webre  distinguishes  three  zones  in  the  supersaturated  phase: 

(/)  The  metastable  zone,  being  that  nearest  saturation;  existing  crystals  increase  in  size  but 
new  crystals  cannot  form 

(2)  The  intermediate  zone;  new  crystals  can  form  in  this  zone,  but  only  in  the  presence  of 
existing  crystals 

(3)  The  labile  zone;  in  this  zone  existing  crystals  grow,  and  new  crystals  can  form  even  in 
the  absence  of  existing  crystals. 
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Davies  and  Yearwood  in  Trinidad  have  shown  that: 

(a)  The  intermediate  zone  is  very  narrow,  if  indeed  it  exists  at  all,  and  has  little  practical 
importance.  Ziegler3a  also  queries  the  existence  of  the  intermediate  zone,  and  considers  the 
limit  between  metastable  and  labile  zones  as  1.65. 

(b)  The  boundary  between  the  two  principal  zones  varies  markedly  with  the  purity.  It 
passes  close  to  the  following  points  of  supersaturation  (see  also  Fig.  33.2): 


In  the  course  of  a  strike  it  is  desirable  to  maintain  the  mother  liquor  as  near  as  possible 
to  the  upper  limit  of  the  metastable  zone.  At  a  purity  of  60,  approximately  23.5%  more  sugar 
is  deposited  in  one  hour  at  a  supersaturation  of  1.55  than  at  a  figure  of  1.454. 

(c)  The  boundary  between  the  two  zones  is  much  less  dependent  on  temperature.  The 
supersaturation  coefficient  marking  this  boundary  falls  slightly  as  the  temperature  increases, 
but  the  effect  appears  negligible. 

These  considerations,  however,  are  of  theoretical  importance  only.  In  practice,  it  has  been 
established  that  the  supersaturation  at  which  sugar  commences  to  crystallise  varies  between 
1.10  and  1.50;  1.20  is  regarded  as  a  normal  figure  but  cases  have  been  reported  where 
crystallisation  had  commenced  at  1.07  (Thieme5).  At  other  times  in  pure  solutions,  crystals 
did  not  form  before  a  supersaturation  of  1.50  was  reached. 

The  reasons  for  this  variation  are  not  well  known,  but  Thieme  considers  that  it  is  due  to 
certain  characteristics  of  each  juice:  viscosity  (which  retards  crystallisation),  presence  of  in- 
soluble matter  in  suspension  (which  facilitates  crystallisation);  another  probable  cause  is 
leakage  of  air  into  the  pans,  by  which  particles  of  sugar  dust  are  introduced  which  stimulate 
the  formation  of  crystals,  etc. 
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Fig.  33.2.  Metastable  and  labile  zones  of  crystallisation. 
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Generally,  the  supersaturation  is  maintained  between  1.25  and  1.406. 

Rate  of  crystallisation.  The  rate  of  crystallisation  of  a  massecuite  depends  on: 

(a)  The  viscosity 

(b)  The  temperature  (which  influences  the  viscosity) 

(c)  The  supersaturation 

(c/)The  purity  of  the  mother  liquor. 

Temperature.  When  the  temperature  falls,  in  order  to  maintain  the  same  rate  of  crystallisa- 
tion, it  would  be  necessary  to  increase  the  supersaturation;  e.g.  Saint7  gives  in  Table  33.2 
temperatures  and  supersaturation  coefficients  corresponding  to  the  same  rates  of  crystallisa- 
tion for  C  massecuite: 

TABLE  33.2 

EXAMPLE  OF  VARIATION  OF  SUPERSATURATION  WITH  TEMPERATURE  TO 
MAINTAIN  THE  SAME  RATE  OF  CRYSTALLISATION 

Temperature  Supersaturation 

ro  (°f) 

70  158 

60  140 

50  122 

40  104 


Supersaturation.  It  has  been  established  that  the  rate  of  absorption  of  sucrose  by  the 
crystals  is  proportional  to  the  square  of  the  supersaturation8;  but  in  practice  the  supersatura- 
tion must  not  exceed  the  critical  value  (stated  as  1.44)  above  which  the  crystallisation  would 
become  out  of  control,  giving  abundant  false  grain. 
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Fig.  33.3.  Variation  of  speed  of  crystallisation  with  purity  of  mother  liquor. 
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Purity,  The  rate  of  crystallisation  falls  very  rapidly  as  the  purity  of  the  mother  liquor 
decreases.  This  is  why  a  low-grade  strike  requires  more  time  than  a  first  massecuite. 
Webre9  gives  a  graph  relating  rate  of  crystallisation  and  purity  (Fig.  33.3). 

Elevation  of  boiling  point 

This  question  has  already  been  discussed  with  reference  to  evaporation  (p.  496):  Table  32.2 
is  of  course  also  valid  for  sugar  boiling. 

Hydrostatic  pressure 

Table  32.3  is  again  applicable  here,  and  for  this  purpose  is  of  interest  mainly  in  the  region 
of  the  lines  MC  corresponding  to  the  density  (approximately  1.47)  of  hot  massecuite  at 
80-90°  brix. 

In  sugar  boiling,  hydrostatic  pressure  assumes  great  importance,  and  its  effects  will  be 
discussed  later. 


Fig.  33.4.  Coil  vacuum  pan. 
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VACUUM  PANS 

The  conception  of  the  vacuum  pan  is  entirely  analogous  to  that  of  an  evaporator  body. 
However,  two  modes  of  heating  are  employed: 

(a)  Coils  (Fig.  33.4) 

(b)  Calandria  (Fig.  33.5) 


Fig.  33.5.  Calandria  pan  for  low-grade  massecuite,  H.I.W.  type. 
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the  latter  being  broadly  similar  to  that  used  in  multiple-effect  evaporators.  In  some  cases, 
both  calandria  and  coils  are  used  in  the  one  pan. 
The  removal  of  condensates  and  incondensable  gases  is  effected  as  in  evaporators. 

(A)  Coil  pans 

A  pan  may  have  one,  two  or  more  coils.  These  are  held  in  place  by  clips  and  brackets. 

Coils  of  circular  section.  In  the  older  standard  type  of  pan,  the  coil  consisted  of  a  copper 
tube  commencing  at  the  outer  wall  of  the  pan,  bent  in  the  form  of  a  spiral  around  a  truncated 
cone,  and  terminating  near  the  centre  of  the  pan  in  a  drain  for  the  condensate. 

In  Queensland,  it  has  been  emphasised10  that  the  angle  of  dish,  or  the  angle  formed  with 
the  horizontal  by  the  generatrices  of  this  truncated  cone,  should  be  approximately  45°. 
French  manufacturers  are  content  with  a  much  smaller  angle;  in  this  case  it  is  necessary  to 
ensure  that  the  slope  of  the  coil,  from  beginning  to  end,  is  sufficient  to  ensure  effective 
drainage  of  the  condensate.  For  this  purpose  the  angle  of  dish  is  made  no  less  than  15°. 
(Half-angle  of  cone  75°.) 

The  vertical  pitch  or  spacing  between  two  successive  coils  should  be  of  the  order  of  25  -  30 
cm  (10-  12  in.)  between  centres.  It  will  be  arranged  so  that  the  turns  of  the  coils  are  approx- 
imately vertically  one  above  the  other,  or  only  slightly  displaced  from  the  vertical,  so  that 
they  do  not  provide  any  obstruction  to  the  circulation  of  the  massecuite;  this  should  be  in 
the  upward  direction  in  the  region  of  the  coils. 

The  coils  are  always  of  copper.  Their  diameter  is  about  10-15  cm  (4-6  in.),  but 
sometimes  varies,  decreasing  from  beginning  to  end  of  the  coil. 

The  ratio  of  length  to  internal  diameter  varies  generally  from  75  to  250.  This  ratio  depends 
principally  on  the  steam  used  for  heating.  Short  coils  are  most  advantageous,  particularly 
for  low-pressure  vapours. 

T  romp 11  recommends  that  ratios  of  200  —  250  be  reserved  for  high-pressure  steam  (with 
low-pressure  steam,  the  later  part  of  the  coil  would  not  transmit  any  heat  and  so  would  be 
useless). 

For  exhaust  steam  it  is  preferable  to  keep  below  100. 
For  bled  vapour,  a  ratio  of  75  is  suitable. 

It  is  of  advantage  to  construct  the  coils  of  heavy  copper,  as  they  wear  fairly  rapidly.  The 
thickness  should  be  between  2.5  and  3.2  mm  (^2  in.  and  5  in.). 

Coils  with  flattened  section.  An  improved  design  introduced  by  Halpin12  in  Queensland 
in  1950  permitted  the  coil  pan  to  hold  its  own  in  that  country  with  the  calandria  pan  for  a 
long  time. 

The  heating  surface  is  formed  from  copper  tubes  of  12.5  cm  (5  in.)  diameter  flattened  in 
the  vertical  direction  so  as  to  present  in  external  dimensions  a  width  of  7.5  cm  (3  in.)  and 
a  height  of  15.5  cm  (6|  in.),  or  alternatively  a  width  of  10  cm  (4  in.)  and  a  height  of  14  cm 
(5& in.)  (Fig.  33.4). 

Instead  of  being  formed  of  a  single  coil  wound  in  a  spiral,  each  coil  consists  of  a  series 
of  flat  tubes,  semicircular  and  concentric,  passing  from  a  steam  manifold  which  follows  a 
generatrix  of  the  truncated  cone  to  a  condensate  manifold  placed  on  the  opposite  generatrix. 
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With  this  arrangement,  the  angle  of  dish  of  the  coil  is  not  of  any  great  importance.  It  may, 
for  example,  be  made  15°,  in  order  to  facilitate  flow  of  condensate  in  its  manifold,  and  it 
is  arranged  simply  that  the  latter  is  slightly  lower  than  the  steam  manifold. 

The  centre  well  formed  by  the  superposition  of  the  inner  circle  of  these  several  coils  should 
have  a  diameter  equal  to  38  or  40%  of  the  interior  diameter  of  the  pan. 

The  vertical  pitch  or  spacing  between  two  successive  coils  should  be  at  least  30  cm  (12  in.) 
from  centre  to  centre  of  corresponding  tubes,  and  should  preferably  be  33  cm  (13  in.). 

The  clearance  or  free  space  between  successive  turns  of  the  one  coil  should  be  7.5  -  10  cm 
(3-4  in.),  preferably  8.5  -9  cm  (3|  -  3j  in.).  The  top  coil  is  located  in  such  a  position  that 
the  upper  tube  is  not  less  than  40  cm  (16  in.)  below  the  maximum  level  proposed  for  the 
massecuite. 

It  is  desirable  that  the  cylindrical  body  of  the  pan  which  carries  the  coils  should  have  a 
height  equal  to  50  —  60°7o  of  its  interior  diameter. 

When  these  precautions  are  followed,  a  pan  may  be  obtained  with  a  heating  surface  of 
4.5-5.25  m2/m3  (1.4—  1.6  sq. ft. /cu. ft. )of  working  volume,  or  say  approximately  5  m2/m3 
(1.5  sq.ft./cu.ft.),  definitely  higher  than  that  of  the  older  type  of  coil  pan. 

Coil  pans  are  no  longer  made,  even  in  Australia. 

(B)  Calandria  pans 

In  calandria  pans,  the  tubes  are  shorter  and  of  larger  diameter  than  in  evaporators. 

Whether  the  pan  is  of  coil  or  calandria  type,  the  massecuite  rises  past  the  heating  surface, 
between  the  turns  of  the  coils  or  through  the  tubes  of  the  calandria.  There  must  obviously 
bean  equal  descending  mass  corresponding  to  this  ascending  massecuite.  With  the  liquid  and 
mobile  material  in  the  multiple  effects,  this  poses  no  problem.  With  thick  and  viscous 
massecuite,  the  manner  in  which  this  circulation  is  planned  and  successfully  effected  form 


Fig.  33.6.  Fives  Cail-Babcock  pan,  type  C.T. 
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the  most  important  characteristic  of  a  vacuum  pan.  The  manner  of  solving  this  problem  has 
led  to  the  existence  of  several  types  of  pan: 

(a)  The  flat  fixed  calandria,  with  central  downtake  (Fig.  33.5) 

(b)  The  inclined-plate  calandria  (Fig.  33.6) 

(c)  The  suspended  ("floating"  or  "basket")  calandria  (Fig.  33.8) 

(d)  The  horizontal  pan  (Fig.  33.14). 

(a)  Flat  fixed  calandria.  This  is  the  recognised  type.  The  circulation  follows  the  scheme 
indicated  (Fig.  33.9).  We  shall  study  later  the  very  important  conditions  required  for  good 
realisation  of  this  circulation. 

The  Fives  Cail  -  Babcock  series  of  pans  (Fig.  33.6)  covers  a  range  of  120-  200  hi  (425  -  700 
cu.ft.)in  steps  of  20  hi,  and  200-600  hi  (700-2120  cu.ft.)in  steps  of  50  hi.  All  are  equipped 
with  flat  calandrias,  with  tubes  860,  1,000  or  1,140  mm  (34,  39  or  45  in.)  in  length.  Tubes 
are  of  stainless  steel,  S430,  94.4  X  97.4  mm  diameter.  The  ratio  of  heating  surface  to  volume 
in  all  models  is  6,  7  or  8  mVm3  (1.8,  2.1  or  2.4  sq.ft./cu.ft.)respectively  for  the  tube  lengths 
of  860,  1,000  and  1,140  mm. 


Fig.  33.7.  Fixed-calandria  pan  with  inclined  tube-plates. 
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(b)  Inclined-plate  calandria.  This  may  be  fixed  or  suspended,  and  the  plates  may  both  be 
inclined  at  the  same  angle,  or  the  lower  plate  may  be  placed  at  a  steeper  angle  than  the  upper. 
French  engineers  generally  adopt  25°  in  the  former  case  and  10 — 25°  in  the  latter  (Fig.  33.7). 
The  object  of  this  arrangement  for  the  upper  plate  is  to  facilitate  the  washing  and  removal 
of  the  massecuite  remaining  on  the  plates  after  each  charge;  for  the  lower  plate  it  aims  to 
compensate  for  the  loss  in  heating  surface  and  calandria  volume  due  to  the  dish  of  the  upper 
surface,  without  increasing  the  volume  required  for  graining.  At  the  same  time  it  enables  the 
calandria  bottom  to  follow  the  form  of  the  bottom  of  the  pan. 

This  arrangement  is  frequently  adopted  in  beet  sugar  factories.  We  consider,  however,  that 
the  negative  cone  of  the  upper  plate  is  not  justified,  as  the  calandria  with  flat  plates  offers 
little  of  no  disadvantage  from  the  point  of  view  of  washing  (actually  a  secondary  considera- 
tion). Moreover,  this  cone  causes  a  loss  of  heating  surface  and  necessitates  an  undesirable 
increase  in  the  graining  volume. 

The  positive  cone  of  the  lower  plates,  on  the  other  hand,  permits  of  a  useful  gain  in  the 
heating  surface  and  a  useful  decrease  in  the  graining  volume. 

(c)  Floating-calandria  pan  (Fig.  33.8).  This  design  has  long  been  in  existence,  but  the 
troublesome  habit  was  followed  of  providing  at  the  centre  of  the  floating  calandria,  a  centre 


Fig.  33.8.  Floating-calandria  pan  (Fives- Hugot). 
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well  analogous  to  that  of  evaporator  vessels;  this,  with  the  annular  space,  provided  two 
passages  for  the  descent  of  the  massecuite.  This  division  of  the  massecuite  current  into  two 
portions  had  most  unfortunate  effects:  while  intermediate  doubtful  zones  exist  where  the 
direction  of  flow  is  uncertain,  two  restricted  passages  are  provided,  neither  of  which  offers 
a  free  circulation. 

The  author  considered  that  it  would  on  the  contrary  be  advantageous  to  accentuate  the 
natural  advantages  of  the  floating  calandria  and  to  avoid  these  disadvantages.  He  according- 
ly designed,  with  the  aid  of  Fives  Lille  -  Cail,  the  Fives  -  Hugot  pan  (Fig.  33.8),  in  which  the 
heating  surface  at  the  centre  of  the  pan  was  increased  by  adopting  a  calandria  with  a  conical 
bottom  plate  and  a  flat  upper  plate.  The  descent  of  the  massecuite  is  thus  provided  with  an 
annular  space  of  ample  cross-section  designed  and  calculated  mathematically.  The  masse- 
cuite thus  receives  at  the  centre  the  maximum  heat  input  and  consequent  lifting  force,  and 
descends  on  all  sides  along  the  cool  outer  wall  of  the  pan  (Figs.  33.9  and  33.10). 

This  arrangement  lends  itself  particularly  well  to  the  enlargement  of  the  pan  body  above 
the  calandria  (Fig.  33.11);  the  massecuite  descends  naturally  in  the  annular  space,  whereas 
with  a  fixed  calandria  it  tends  to  form  eddies  and  vortices  near  the  wall  of  the  pan.  The  des- 
cent along  the  outer  wall  is  a  favourable  factor. 

To  avoid  restricting  the  circulation,  entry  of  steam  to  the  pan  is  made  by  a  pipe  entering 
through  the  save-all  and  descending  vertically  to  the  centre  of  the  calandria.  This  arrange- 
ment moreover  greatly  facilitates  the  distribution  of  steam  in  the  calandria,  and  the  location 
of  incondensable-gas  outlets. 

For  the  same  reason,  attachment  of  the  calandria  to  the  pan  wall  is  effected  by  three  very 
narrow  brackets. 


Water' 

Fig.  33.9.  Circulation  of  massecuite  in  a  fixed-calandria  pan. 


Fig.  33.10.  Circulation  of  massecuite  in  a  floating-calandria  pan. 
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Fig.  33.12.  Pan  with  lenticular  calandria  (B.M.A.). 
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Fives  Cail-  Babcock  no  longer  make  the  ordinary  floating  calandria  pan.  They  now  supply 
one  in  which  the  calandria  is,  not  cylindro-conicai.  but  lenticular  in  shape  (Fig.  33. 12).  The  up- 
per and  lower  tube  plates  of  this  calandria  have  the  object  of  facilitating  the  circulation  of  the 
massecuite  which,  at  the  upper  portion,  flows  more  freely  towards  the  outer  downtake  and  is 
better  directed  towards  the  wall  of  the  pan;  below  the  calandria,  the  massecuite  space  follows 
more  closely  the  bottom  of  the  pan,  reduces  the  footing  volume,  and  gives  more  positive  flow 
back  to  the  calandria  tubes.  The  longer  tubes  at  the  centre  encourage  a  more  aelivecirculation  in 
that  zone,  and  facilitate  the  outward  flow  of  the  massecuite. 

(d)  Horizontal  pan.  Fives  Lille  -  Cail1-'  has  placed  on  the  market  in  1963  a  pan  of  different 
conception  (Figs.  33.13  and  33.14).  This  pan  has  no  longer  an  axis  of  symmetry  but  a  plane 
of  symmetry.  Its  shape  allows  of  a  low  graining  volume,  of  the  order  of  26%,  a  massecuite 
height  above  the  calandria  of  about  1.5  rn  (5  ft.)  and  a  very  favourable  circulation  due  not 
only  to  its  shape  but  also  to  the  arrangement  of  the  calandria  (Fig.  33.14).  The  ratio  of 
descending  section  to  ascending,  at  the  top  of  the  calandria,  is  0.8.  Discharge  of  massecuite 
is  effected  by  three  openings  situated  in  the  plane  of  symmetry,  which  is  thus  particularly 
rapid:  approx.  10  min  The  heating  surface  gives  a  ratio  of  S/Kof6-8  mVm:  (1.8-2.4 
sq.ft./cu.Ft.)- 

This  design  of  pan  should  be  located  with  its  axis  at  right-angles  to  the  alignment  of  the 
other  pans,  as  it  would  take  up  too  much  space  in  the  other  direction,  on  account  of  the  space 


Fig.  33.13.  Horizontal  pan  (Fives  Cail  -  Babcock). 
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Fig.  33.14.  Horizontal  pan.  Transverse  section. 

required  for  removing  the  calandria.  This  necessitates  provision  of  chutes  from  the  end 
discharge  openings,  to  conduct  the  massecuite  to  the  longitudinal  receiver. 

This  pan  offers  the  advantage  of  ready  conversion  to  a  continuous  pan  of  Fives 
Cail-Babcock  design.  However,  it  is  no  longer  made. 

Tubes 

Returning  to  the  consideration  of  ordinary  calandrias  with  tubes:  the  tubes  are  of  steel,  brass, 
or  stainless  steel. 

The  length  of  tubes  and  consequently  the  height  of  the  calandria  vary  generally  from  75 
to  125  cm  (30-50  in.).  In  calandrias  with  inclined  lower  plates,  they  may  reach  140  cm  (55 
in.)  at  the  centre. 

Certain  authors  estimate  that  by  reason  of  the  viscosity  of  the  massecuite,  and  the  conse- 
quent laminar  flow  along  the  wall  of  the  tubes,  the  portion  of  the  tube  length  beyond  75  cm 
(30  in.)  according  to  some,  or  100  cm  (40  in.)  according  to  others,  will  be  of  little  use;  they 
argue  that  metal  and  volume  are  wasted,  as  the  length  indicated  is  sufficient  to  raise  to  the 
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required  temperature  the  film  of  massecuite  touching  the  tube.  There  is  some  truth  in  this 
argument,  since  the  heating  of  the  massecuite  follows  the  exponential  law  shown  in  eqn. 
(30.4),  in  which  the  variable  would  be  surface  area  S  of  tube  corresponding  to  its  length; 
however,  the  conditions  are  still  rather  remote  from  the  asymptotic  relationship,  and  it  would 
be  more  accurate  to  say  that,  as  the  material  rises  in  the  tube,  each  cm  of  length  plays  a  less 
and  less  important  part.  According  to  one  experiment  by  Webre14,  the  difference  in 
temperature  between  heating  vapour  and  massecuite,  close  to  the  tube  at  the  upper  end  of 
120-cm(48-in.)  tubes,  is  still  30-40°C  (55-70°F)  in  the  most  unfavourable  period.  There 
is  thus  nothing  illogical  about  installing  tubes  of  120,  125  or  even  140  cm  (48,  50  or  55  in.) 
in  length.  It  is,  however,  advisable  to  keep  within  125  cm  or  less  and  not  to  exceed  this  length 
except  at  the  apex  of  conical  calandrias. 

The  interior  diameter  of  tubes  varies  from  89  to  127  mm  (3j-5  in.)  in  general.  Webre15 
considers  that  the  diameter  should  not  be  below  89  mm  and  that  a  good  dimension  is 
101.6-114.3  mm  (4  —  4|  in.).  Claassen16  considers  that  tubes  should  be  of  89- 101.6  mm 
(3j-4  in.)  in  diameter,  but  he  is  presumably  thinking  only  of  beet  sugar  pans.  French 
manufacturers  have  adopted  a  standard  dimension  of  101.6  mm  (4  in.)  o.d.  for  brass  or  steel 
tubes.  There  is  a  trend  towards  the  use  of  tubes  of  101.6  mm  (4  in.)  in  external  diameter, 
1.5  mm  thickness,  if  in  stainless  steel,  2-3.2  mm  in  ordinary  steel,  or  2  mm  in  brass. 

We  see  later  (p.  657)  that  the  interior  diameter  of  the  tubes  influences  the  circulation  of 
the  massecuite,  other  thing  being  equal.  To  have  a  minimal  loss  of  head  in  the  circulation 
of  the  massecuite,  it  is  necessary  to  proportion  the  diameter  of  the  downtake  to  that  of  the 
tubes.  For  example,  for  a  downtake  of  diameter  of  40%  of  that  of  the  pan,  the  tube  diameter 
should  be  1/1 0th  of  the  downtake  diameter;  for  a  downtake  of  33%  of  the  pan  diameter, 
the  tube  diameter  should  be  l/17th  of  that  of  the  downtake  (p  =  0.06M',  cf.  p.  658). 
However,  such  a  rule  would  lead  to  completely  insufficient  heating  surfaces  in  large  pans, 
or  to  prohibitively  large  vessels,  and  the  gain  in  circulation  would  far  from  compensate  for 
these  disadvantages.  Hence,  with  the  object  of  simplification  and  homogeneity,  the  practice 
is  adopted  of  using  a  reasonable  tube  diameter  for  all  sizes  of  pan,  for  example,  97.4  or  101.6 
mm  (31  or  4  in.),  and  proportioning  the  centre  well  accordingly.  We  may  comment  that  with 
these  tube  diameters,  a  downtake  of  33%  will  give  a  circulation  close  to  the  optimal  (AT  = 
0.33;  p  =  0.020-0.035). 

The  pitch  p  of  the  tubes  is  the  distance  between  centres  of  two  adjacent  tubes  (cf.  p.  512). 
The  term  "ligament"  is  used  to  designate  the  thickness  of  metal  remaining  on  the  tube  plate 
between  two  adjacent  tubes,  in  their  common  axial  plane.  It  is  often  made  20,  25  or  25.4  mm 
(1  in.).  With  tubes  of  101.6  mm,  and  ligament  of  25.4  mm,  the  pitch  will  be:  p  =  101.6  + 
25.4  =  127  mm  (5  in.). 

With  stainless-steel  tubes  of  101.6  mm,  the  true  ligament  will  be: 


In  the  case  cited,  the  coefficient  k}  already  defined  (p.  513)  relative  to  evaporator  bodies 
will  be: 


pitch  -  hole  =  127  -   101.6  -   1.5  =  23.9  mm  (0.94  in.) 


k  = 

i 


7T  d2 

  f 

2  V  3  P2 


'-  =  0.907  x 


16.129 
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=  0.55 


VACUUM  PANS 


645 


Taking  into  account,  by  a  coefficient  ki,  the  space  lost  on  the  surface  of  the  calandria  by 
stay-rods,  incondensable-gas  pipes,  steam  pipes  and  on  the  edges,  we  have: 

ki  =  0.70-0.80        and:         k  =  k{k2  =  0.40-0.45  (33.6) 

Estimation  of  coefficient  k.  The  coefficient  k  which  we  have  defined  (eqn.  (33.6))  varies 
between  fairly  wide  limits,  and  it  may  be  found  difficult  to  fix  its  value.  It  is  therefore  of 
value  to  specify  it  particularly  for  the  constructor  of  equipment  for  evaporators  for  vacuum 
pans.  The  coefficient  may  be  split  into  the  two  sub-coefficients:  k  =  k\  x  k2,  k  being  the 
ratio  of  area  for  passage  of  liquid  in  the  tube  to  the  area  occupied  by  a  tube  on  the  tube  plate. 
We  have  defined  it  (egn.  (32.14))  as: 

5.  ir  d2 

ki  =  -'         ki  =     -      •  (33.7) 
°  2yfl  P2 

dt  =  interior  diameter  of  the  tubes 
p    -  pitch  of  tubes  as  defined  above 
b  =  ligament. 

The  coefficient  k\  depends  on  the  diameter  d  and  pitch  p  (p  =  d  +  b).  k2  is  the  ratio  of 
total  cross-section  of  the  tubes  to  the  total  area  of  the  tube  plate,  thickness  of  side  walls  ex- 
cluded: it  depends  on  the  areas  lost  in  the  neighbourhood  of  the  side  walls  and  various  pipe 
connections.  There  is  also  more  area  lost  when  d.  is  large  compared  with  F  (for  floating 
calandria)  or  relative  to  A-D  (pan  with  centre  well);  in  other  words,  k2  depends  on  the 
number  of  tubes  which  can  be  placed  in  the  calandria. 
For  annular  calandrias  (with  centre  well),  we  may  take  according  to  the  number  of  tubes: 

k2  =  0.97  -  77  or  0.97  -   *  *  (33.8) 
n 

We  have  thus  for  this  case: 

If  n  ^  500:  k  =  (.—--*    '  /  (o.97  -  11  }  (33.9) 

\2V3P2/V  n  I 

If   100  ^  n  ^  500:         k  =  J  •  **'  X  70.97  -  3  4  \  (33.10) 

\2V3    P2/  \  V/// 

Obviously: 

ns 

k  =  kiki  =  --  (33.11) 


The  actual  ligament  is  smaller  than  the  theoretical  thickness,  on  account  of  the  tolerances 
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in  manufacture  of  the  tubes,  which  oblige  the  equipment  manufacturer  to  drill  in  the  plates 
holes  which  will  admit  the  largest  tubes.  For  steel  tubes,  for  example,  the  tolerance  is 
+  1.5%;  for  brass,  +  l°7o. 

Height  of  the  pan 

Construction  firms  generally  furnish  pans  of  a  capacity  calculated  for  a  level  of  massecuite 
half-way  up  the  highest  window  (or  sight  glass),  i.e.  a  little  below  the  top  of  the  cylindrical 
portion  of  the  pan. 

In  practice,  the  sugar  boilers  frequently  exceed  this  mark  and  even  the  upper  limit  of  the 
top  sight  glass,  though  this  should  be  strictly  forbidden  by  the  foreman  responsible  for  the 
supervision  of  the  pan  station. 

Even  if  we  consider  only  the  limit  fixed  by  the  maker,  this  often  gives  a  height  of 
massecuite  of  2.1m  (7  ft.)  or  more  above  the  upper  tube  plate.  Such  heights,  as  we  shall  see 
shortly  (p.  647),  offer  serious  disadvantages  owing  to  the  effects  of  hydrostatic  pressure. 
Hence  the  height  of  massecuite  above  the  top  tube  plate  is  now  limited,  and  care  is  taken 
not  to  exceed  1.5  m  (5  ft.)  for  natural-circulation  pans.  With  mechanical  circulation,  a  height 
of  1.8-2  m  (6-6.5  ft.)  may  be  used  without  disadvantage. 

To  restrict  entrainment,  it  is  necessary  to  allow  a  certain  height  between  the  maximum 
massecuite  level  and  the  top  of  the  pan.  Tromp17  recommends  a  space  equal  to  85%  of  the 
maximal  height  of  the  massecuite  above  the  top  tube  plate. 

Bottom  angle.  The  bottom  of  the  pan  generally  takes  the  form  of  a  truncated  cone,  but 
a  segment  of  a  sphere,  or  a  "basket-handle"  curve,  or  even  a  torus  may  be  followed. 

With  the  conical  form,  the  angle  of  the  cone  with  the  horizontal  is  generally  17  — 25°.  If 
the  pan  is  of  floating-calandria  type,  this  angle  should  be  2  -  3°  smaller  than  that  of  the  bot- 
tom of  the  calandria.  It  is  advantageous  for  graining  volume  that  these  angles  should  be  small 
but,  for  rapid  flow  of  the  massecuite  at  the  moment  of  discharge,  an  angle  of  less  than  17° 
will  not  generally  be  used.  According  to  the  diameter  of  the  pan,  angles  are  adopted  for  pan 
bottom  and  calandria  bottom  of  25°/22°,  22°/19°,  20°/17°,  the  latter  values  applying  to 
larger  sizes  of  pan. 

Graining  volume 

This  term  is  used  to  denote  the  minimum  volume  of  massecuite  which  must  be  introduced 
into  the  pan  before  turning  on  steam.  It  is  obviously  necessary  to  cover  entirely  the  first  coil 
or,  in  a  calandria  pan,  the  whole  calandria,  before  steam  is  turned  on.  Otherwise,  the  ebulli- 
tion would  throw  syrup  on  the  exposed  portions  of  heated  metal;  this  would  cause  losses  by 
caramelisation  and  would  increase  the  colour  of  the  sugar. 

In  practice,  the  massecuite  should  even  be  taken  above  the  coil  or  the  calandria  by  50-75 
mm  (2-3  in.),  so  that  the  syrup  can  circulate  above  it  and  descend  by  the  centre  well.  The 
graining  volume,  however,  is  calculated  from  the  horizontal  plane  passing  through  the 
highest  point  of  the  coil  or  corresponding  to  the  upper  surface  of  the  tube  plate. 

This  volume  is  also  termed  the  "footing  volume"  (pied-de-cuite). 

It  is  generally  expressed  in  per  cent  of  the  working  capacity  of  the  pan,  and  varies  from 
24  to  40%.  It  is  obviously  of  advantage  that  it  should  be  as  low  as  possible,  since  the  footing 


EFFECTS  OF  HYDROSTATIC  PRESSURE 


647 


is  generally  introduced  in  the  form  of  virgin  syrup  or  of  high-purity  magma;  and  it  is  only 
on  the  remainder  of  the  strike  that  the  purity  can  be  reduced  by  the  addition  of  first  or  second 
molasses.  The  graining  volume,  therefore,  determines  the  possibilities  of  rapid  exhaustion  in 
the  pan,  a  greater  purity  drop  being  obtained  when  a  larger  quantity  of  lower-grade  molasses 
is  used. 

From  this  point  of  view,  it  is  preferable  not  to  go  above  30%  for  the  graining  volume,  or 
35%  as  an  extreme  value. 

For  a  coil  pan,  it  is  possible  to  remain  much  below  these  limits.  For  calandria  pans,  these 
values  will  generally  not  allow  the  strikes,  particularly  of  low  grade,  to  be  completed  in  the 
one  batch,  in  the  one  pan.  In  order  to  obtain  the  grain  size  and  the  crystal  content  required, 
it  is  necessary  to  "run  up"  the  strike  until  the  pan  is  full,  then  to  "cut"  by  sending  two-thirds 
of  the  charge  into  another  pan  or  into  a  storage  vessel,  continuing  the  strike  with  the  one- 
third  remaining.  The  two-thirds  thus  cut  over  will  be  returned  in  two  batches  later  in  order 
to  finish  these  strikes,  or  indeed  they  may  be  finished  off  in  another  pan. 


EFFECTS  OF  HYDROSTATIC  PRESSURE 

When  the  syrup  has  just  been  introduced  into  the  vacuum  pan,  the  boiling  is  still  somewhat 
similar  to  that  which  occurs  in  the  last  vessel  of  the  multiple  effect.  But  when  the  grain  has 
been  formed  (or  a  pre-formed  "footing"  has  been  "cut  in")  and  the  charge  is  being  built 
up,  the  material  becomes  increasingly  viscous.  Finally,  at  the  moment  of  dropping,  the 
massecuite  is  a  glutinous,  semi-solid  mass,  and  circulation  becomes  a  real  problem. 

The  boiling  massecuite,  at  a  temperature  of  80-90°C  (175  -  195°F),  has  a  specific  gravity 
of  about  1.47,  (density  of  approximately  92  lb./cu.ft.).  The  pressure  in  the  massecuite  will 
therefore  increase  by  about  0.15  kg/cm2  per  m  (0.64  p.s.i.  per  foot)  of  depth. 

Now,  at  each  point,  the  temperature  of  the  boiling  massecuite  is  obviously  equal  to  the 
boiling  point  of  water  under  the  pressure  obtaining  at  that  point,  plus  the  boiling-point  eleva- 
tion corresponding  to  the  brix  of  the  massecuite  at  that  pressure. 

If  there  were  no  circulation,  successive  layers  of  massecuite  would  have  temperatures  in- 
creasing with  the  depth. 

On  the  other  hand,  the  degree  of  saturation  of  a  sugar  solution  changes  rapidly  according 
to  its  temperature.  If  the  uppermost  layer  is  supersaturated,  the  following  layers  are  increas- 
ingly less  so,  and  there  is  a  depth  at  which  saturation  temperature  is  reached.  From  there  on, 
the  lower  layers  are  under  saturated,  and  a  certain  amount  of  re- solution  of  the  crystals  oc- 
curs. 

It  is  obvious  that,  in  practice,  matters  are  not  as  simple  as  this;  the  massecuite  is  circulating 
and  its  currents  distort  the  isothermal  planes  which  could  otherwise  have  been  recognised  in 
the  pan,  change  them  to  irregular  surfaces,  mix  the  whole  material,  and  tend  to  bring  it  to 
a  uniform  temperature.  It  follows  that  some  zones  will  consist  of  supersaturated  massecuite 
at  depths  greater  than  the  critical  depth  we  have  referred  to,  while  inversely  there  will  be 
under- saturated  massecuite  at  shallower  depths;  and  our  theoretical  view  will,  after  all,  give 
a  fair  average  picture  of  the  state  of  the  material  in  the  pan. 

Webre18  has  given  an  interesting  study  of  this  question.  Assuming  that  the  temperature  of 
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been  formed  (or  a  pre-formed  "footing"  has  been  "cut  in")  and  the  charge  is  being  built 
up,  the  material  becomes  increasingly  viscous.  Finally,  at  the  moment  of  dropping,  the 
massecuite  is  a  glutinous,  semi-solid  mass,  and  circulation  becomes  a  real  problem. 

The  boiling  massecuite,  at  a  temperature  of  80-90°C  (175  -  195°F),  has  a  specific  gravity 
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On  the  other  hand,  the  degree  of  saturation  of  a  sugar  solution  changes  rapidly  according 
to  its  temperature.  If  the  uppermost  layer  is  supersaturated,  the  following  layers  are  increas- 
ingly less  so,  and  there  is  a  depth  at  which  saturation  temperature  is  reached.  From  there  on, 
the  lower  layers  are  undersaturated,  and  a  certain  amount  of  re-solution  of  the  crystals  oc- 
curs. 

It  is  obvious  that,  in  practice,  matters  are  not  as  simple  as  this;  the  massecuite  is  circulating 
and  its  currents  distort  the  isothermal  planes  which  could  otherwise  have  been  recognised  in 
the  pan,  change  them  to  irregular  surfaces,  mix  the  whole  material,  and  tend  to  bring  it  to 
a  uniform  temperature.  It  follows  that  some  zones  will  consist  of  supersaturated  massecuite 
at  depths  greater  than  the  critical  depth  we  have  referred  to,  while  inversely  there  will  be 
under-saturated  massecuite  at  shallower  depths;  and  our  theoretical  view  will,  after  all,  give 
a  fair  average  picture  of  the  state  of  the  material  in  the  pan. 

Webre18  has  given  an  interesting  study  of  this  question.  Assuming  that  the  temperature  of 


TABLE  33.3 


EFFECTS  OF  HYDROSTATIC  PRESSURE 


Depth 
(m)  (ft 

Hydrostatic 
pressure 

(cm  Hg)     (in.  Hg) 

Local 
vacuum 

(cm  Hg)     (in.  Hg) 

B.p.  of  water 
at  local  vac. 

CO  (°F) 

B.P.E. 
(°C)  (°F) 

Theor.  temp. 
of  mass. 

CO  (°F) 

Saturation 

Crystals 

(A) 

Vacuum  58.5 

cm  -  brix  81.5 

0 

0 

0.0 

0.0 

58.4 

23.0 

63.7 

146.8 

9.3 

16.7 

73.1 

163.5 

1.33 

Grow 

0.6 

2 

6.6 

2.6 

51.8 

20.4 

70.8 

159.5 

9.4 

17.0 

80.3 

176.5 

1.25 

Grow 

1.2 

4 

12.9 

5.1 

45.5 

17.9 

76.4 

169.6 

9.6 

17.3 

86.1 

187.0 

1.18 

Grow 

1.8 

6 

19.6 

7.7 

38.9 

15.3 

81.2 

178.2 

9.8 

17.6 

41.0 

195.8 

1.14 

Grow 

2.4 

8 

25.9 

10.2 

32.5 

12.8 

85.3 

185.5 

9.9 

17.8 

45.2 

203.3 

1.10 

Grow 

3.0 

10 

32.5 

12.8 

25.9 

10.2 

88.7 

191.8 

9.9 

17.9 

98.7 

209.7 

1.08 

Grow 

3.6 

12 

39.1 

15.4 

19.3 

7.6 

92.0 

197.6 

10.1 

18.1 

102.1 

215.7 

1.05 

Grow 

(B) 

Vacuum  68.5 

cm  —  brix 

77.7 

0 

0 

0.0 

0.0 

68.6 

27.0 

46.1 

115.0 

6.7 

12.1 

52.9 

127.2 

1.33 

Grow 

0.6 

2 

6.6 

2.6 

62.0 

24.4 

58.9 

138.0 

7.1 

12.8 

66.0 

150.8 

1.13 

Grow 

1.2 

4 

12.9 

5.1 

55.6 

21.9 

67.2 

153.0 

7.3 

13.2 

74.6 

166.2 

1.04 

Grow 

1.8 

6 

19.6 

7.7 

49.0 

19.3 

73.4 

164.2 

7.5 

13.5 

80.9 

177.7 

0.98 

Dissolve 

2.4 

8 

25.9 

10.2 

42.7 

16.8 

78.6 

173.4 

7.6 

13.7 

86.2 

187.1 

0.94 

Dissolve 

3.0 

10 

32.5 

12.8 

36.1 

14.2 

83.1 

181.6 

7.8 

14.0 

90.9 

195.6 

0.91 

Dissolve 

3.6 

12 

39.1 

15.4 

29.5 

11.6 

86.8 

188.2 

7.9 

14.2 

94.7 

202.4 

0.88 

Dissolve 
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the  massecuite  in  each  layer  corresponded  exactly  to  the  theoretical  boiling  point  which  it 
should  have  in  accordance  with  the  hydrostatic  pressure  to  which  it  is  subjected,  he  has  con- 
sidered two  massecuites  of  similar  brix  and  purity,  in  two  similar  pans,  but  at  two  different 
vacua,  chosen  at  the  extremities  of  the  usual  scale  of  operations:  (1)  58.5  cm  (23  in.),  (2)  68.5 
cm  (27  in.).  (See  Table  33.3.) 
It  should  be  recalled  that,  at  lower  vacuum,  temperatures  are  higher  and  consequently: 

(1)  The  massecuite  viscosity  is  lower 

(2)  Crystal  growth  is  more  rapid. 

Table  33.3  gives  another  reason  for  boiling  at  a  low  vacuum,  and  explains  why  "soft"  or 
rounded  crystals  are  obtained  by  working  at  a  high  vacuum,  and  "hard"  sharp-edged  crystals 
at  a  reduced  vacuum.  What  happens  is  that,  in  the  first  case,  the  crystals  are  partly  dissolved 
when  they  reach  the  bottom  of  the  pan;  this,  to  some  extent,  undoes  the  work  which  has  been 
performed  in  the  upper  part. 

To  avoid  this,  it  is  preferable  to: 

(a)  Use  a  reasonable  vacuum:  61  —66  cm  (24-26  in.).  Claasen19  stipulates  that  66  cm 
should  not  be  exceeded,  and  even  recommends  58.5  cm  (23  in.)  for  calandria  pans.  Consider- 
ing risks  of  inversion,  the  author  recommends  63.5  -  66  cm  (25-26  in.). 

(b)  Use  a  pan  in  which  the  height  of  the  massecuite  is  restricted  to  a  reasonable  value. 

(c)  Use  a  design  of  pan  which  favours  the  movement  of  the  massecuite  as  much  as  possible, 
or,  if  necessary,  actually  provides  a  positive  circulation. 
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This  is  a  much  more  important  subject  than  is  generally  realised.  In  most  factories  where  effi- 
ciency is  not  high,  molasses  exhaustion  is  the  aspect  in  which  there  is  most  to  be  gained.  Now, 
this  exhaustion  depends  very  much  on  the  design  of  the  vacuum  pans  and  particularly  on  the 
extent  to  which  they  facilitate  and  speed  up  the  circulation  of  the  massecuite  at  the  end  of 
the  strike. 

Hence  we  intend  to  devote  to  this  question  a  large  section  of  this  Chapter. 
We  proceed  to  examine  the  circulation  in  the  two  principal  types  of  pan:  the  pan  with  cen- 
tral downtake  and  that  with  floating  calandria. 

What  is  it  that  promotes  circulation?  Putting  aside  pans  with  mechanical  circulation, 
which  we  shall  study  separately,  circulation  in  vacuum  pans  is  promoted  by  the  bubbles  of 
vapour  due  to  heating  in  the  tubes:  these  bubbles  tend  to  rise,  growing  as  they  do  so,  and 
agitate  the  mass  and  lift  it  towards  the  surface.  The  circulation  is  thus  due  to  the  heating, 
and  for  a  given  pan,  a  given  massecuite  level  and  the  same  type  of  massecuite,  is  approx- 
imately proportioned  to  the  degree  of  heating.  If  heating  is  stopped,  circulation  also  ceases. 

The  circulation  is  assisted,  but  to  a  slight  extend  only,  by  the  difference  in  specific  gravity 
of  the  hot  massecuite  rising  in  the  tubes  and  the  cooler  massecuite  descending  in  the  centre 
or  annular  downtake  after  releasing  its  heat  by  evaporation  at  the  surface.  The  vapour  bub- 
bles, however,  are  the  main  promoter  of  circulation. 

While  the  circulation  is  caused  and  accelerated  by  this  motive  force,  it  is,  on  the  other 
hand,  slowed  down  by  the  resistance  due  to  the  shape  and  disposition  of  the  calandria  tubes, 
and  the  resultant  pressure  drop. 
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Descending  passage.  The  return  of  massecuite  from  top  to  bottom  of  the  pan  takes  place 
by  the  central  downtake,  or  the  annular  space,  depending  on  the  type  of  pan. 

Older  pans  had  a  very  small  centre  well,  for  example,  20%  of  the  inside  diameter  of  the 
pan,  hence  a  very  poor  circulation.  About  1935,  the  disadvantage  of  this  narrow  restriction 
began  to  be  realised.  Webre  recommended  a  downtake  of  diameter  50%  of  the  inside 
diameter  of  the  pan;  Tromp21  recommended  40%;  in  Hawaii22  a  great  improvement  was  ob- 
tained by  installing  pans  with  a  centre  well  diameter  of  45-50%.  We  discuss  later  the 
calculation  of  the  optimal  diameter  of  the  downtake  (p.  656). 

The  analogous  problem  for  the  floating-calandria  pan  is  to  determine  the  optimal  interval 
between  calandria  and  wall  of  the  pan  (p.  658).  While  modern  pans  with  central  downtake 
generally  have  calandria  with  flat  upper  and  lower  tube  plates,  and  consequently  tubes  of 
equal  lengths,  the  floating-calandria  pan  has  a  lower  tube  plate  of  truncated  cone  form  and 
consequently  tubes  of  unequal  lengths.  We  shall  consider  two  principal  lengths: 

(a)  The  height  at  the  outer  edge  of  the  calandria,  Le. 

(b)  The  mean  length  of  the  tubes,  L.  This  mean  length  is  equal  to  the  height  of  a  cylinder 
of  the  same  diameter  as  the  calandria  and  of  equal  volume.  Generally: 

L 

I  =  f=  0.7-0.8  (33.12) 

Relation  between  number  and  diameter  of  tubes.  The  definition  of  the  coefficient  k  (p. 
645)  gives  us,  for  a  pan  with  central  downtake: 

ird2 
n  — 

4 


k  = 


Hence: 


n  =   —  =  'k  —  (33.13) 

d2  p2 

k  =  ratio  of  the  total  interior  cross-section  of  the  tubes  to  the  total  plane  surface  of  the  up- 
per tube  plate 
n    =  number  of  tubes 
d   =  interior  diameter  of  tubes 

A  =  interior  diameter  of  the  pan  at  the  level  of  the  calandria,  in  the  same  unit 
D  =  inside  diameter  of  the  downtake,  in  the  same  unit 
m  =  D/A 
p    =  d/A. 

In  the  same  way,  for  the  floating-calandria  pan: 

%d2 

n  

wF2 

~4~ 
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Hence: 


(33.14) 


Relation  between  diameter  and  useful  capacity  of  the  pan.  In  modern  pans,  with  a  normal 
tube  tength  and  a  maximal  massecuite  level  of  the  order  of  1.5  m  (5  ft.)  above  the  upper  tube 
plate,  the  useful  massecuite  capacity  may  be  taken  as  proportional  to  the  square  of  the 
diameter: 


v=F=1.9  (V=F 


-  =  6.2}  (33.15) 
A2  \        A2  / 


v   =  ratio  of  useful  capacity  to  the  square  of  the  pan  diameter 
V  =  useful  capacity  of  the  pan,  in  m3  (cu.ft.) 
A  =  inside  diameter  of  the  pan,  in  m  (ft.). 
We  have  thus: 


V 

A 

V 

A 

(m3) 

(m) 

(cu.ft.) 

(ft.  J 

20 

3.25 

500 

9 

30 

4 

1,000 

12.7 

40 

4.6 

1,500 

15.5 

50 

5.1 

2,000 

18 

60 

5.6 

2,500 

20 

80 

6.5 

3,000 

22 

Losses  of  head 

The  whole  problem  of  massecuite  circulation  is  governed  by  the  losses  of  head  suffered  by 
the  massecuite  in  the  circuit  which  it  describes  in  the  pan.  Its  movement  is  relatively  free  in 
the  upper  part  of  the  pan  and  even  near  the  bottom;  the  principal  resistances  which  it  en- 
counters are:  (1)  passing  through  the  tubes,  which  causes  a  loss  of  head  /;  (2)  its  return  by 
the  downtake  or  annular  space,  which  produces  a  loss  of  head  /'.  Other  causes  of  head  loss 
may  be  neglected  relative  to  these  two  main  factors. 

We  shall  consider  the  circulation  only  in  a  pan  filled  with  tight  and  heavy  massecuite,  near 
the  end  of  the  strike.  This  is  in  fact  the  only  interesting  case,  since  in  any  pan,  even  if  badly 
designed,  circulation  is  easy  while  the  massecuite  is  light  and  mobile.  It  is  only  at  the  end 
of  the  strike  that  well-designed  pans  clearly  exhibit  their  superiority  and  their  fast  boiling. 

Now,  as  pointed  out  by  Jenkins23,  the  movement  of  the  massecuite,  in  the  final  phase  of 
the  charge  which  we  are  considering,  is  in  viscous  or  laminar  flow  in  the  tubes  and  the  centre 
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wej}  or  the  annular  space.  Turbulent  flow  occurs  only  in  the  early  stages  of  the  charge,  before 
graining  or  when  the  grain  is  still  small  and  insignificant  in  quantity.  We  may  therefore  apply 
Poiseuille's  law  which  applies  for  laminar  flow: 

j   =  9 .  .  128  P  .    1  (33.16) 

p       n       wd4     10  g 

and: 

/;  =  QL  128  *  •  -1  •  (33.17) 
P      ^     irD*     10  g 

Jp  =  loss  of  head  for  the  upward  current  passing  through  the  calandria  tubes,  in  kg/m2 
J'p  -  pressure  drop  for  the  descending  current  passing  through  the  centre  well,  in  kg/m2 
Q  =  volume  flow  of  each  of  these  streams,  in  mVs 
n    =  number  of  tubes  in  the  calandria 

L  =  height  of  the  calandria  (assuming  horizontal  tube  plates),  in  m 

=  viscosity  of  the  massecuite,  m  poise 
d    =  inside  diameter  of  the  tubes,  in  m 
D  —  inside  diameter  of  the  centre  well,  in  m 
g    =  9.8\  m/s/s  =  acceleration  due  to  gravity. 

This  equation  also  applies  if  all  dimensions  are  in  feet,  viscosity  in  f  .p.s.  units,  head  losses 
in  lb. /sq.ft.,  volume  flow  in  cu.ft./s,  and  g  in  ft./s/s. 

We  now  require  to  know  the  corresponding  values  /Fand  J'  for  the  floating-calandria 
pan.  y^-has  a  similar  form  to  J  ,  it  being  understood  that  L  now  represents  the  mean  length 
of  the  calandria  tubes  (p.  650).  It  is  now  required  to  calculate  J\ 

We  shall  first  derive  an  expression  for  the  head  loss  as  a  function  of  the  dimensions  of  the 
annular  space,  in  other  words,  the  equivalent  of  Poiseuille's  law  for  an  annular  space.  We 
shall  retain  the  same  notations  as  above,  adding: 
F    -  calandria  diameter,  in  m  (ft.) 
IE  -  width  of  the  annular  space  =  (A  -  F)/2. 

We  shall  consider  an  annulus  of  massecuite,  on  each  side  of  the  median  cylinder  of  average 
radius  R  situated  in  the  middle  of  the  annular  space,  equidistant  from  the  calandria  and  the 
wall  of  the  pan  (Fig.  33.15). 

The  median  annulus  of  massecuite,  of  thickness  2e  (e  on  each  side  of  the  median  cylinder), 
is  in  equilibrium  under  the  effects  of:  (1)  the  viscosity  n  of  the  medium;  (2)  the  pressure  dif- 
ference or  loss  of  head  J'  We  have 

r 

-  2irLe  (R  +  e  +  R  -  e)  p^-  =  Jlir  [(R  +  eY  -  (R  -  e)2\ 


whence: 


d  u  Jl  J* 

-j-  =   -  —  e         u  —   -  -  -  e1'-  +  constant 

ae  fiL  2  fiL 
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Fig.  33.15.  Floating  calandria.  Calculation  of  head  loss. 


We  shall  determine  the  constant  from  the  fact  that,  for  e  =  +  E,  u  =  0: 

ji  e2  j; 

0  =   -   E2  +  constant  constant  =  

2fiLe 

whence: 

Jl 

u  =  (E2  -  e2) 

Considering  a  very  thin  cylinder  of  massecuite  of  thickness  de,  the  corresponding  flow  of 
massecuite  has  the  value: 

dQ  =  2tt  (R  +  e)  de  •  u  +  2  tt  (R  -  e)  de  •  u  =  4ttR  de  •  u 


or. 


2-wRJl 

dQ  =   (E2  -  e2)  de 


Hence: 

2ttRJ'  r+E  8ttRE3J; 
0   f     (E2  -  e2)  de  =  

Finally,  we  have  the  value  for  the  loss  of  head  corresponding  to  the  passage  of  massecuite 
along  the  annular  space: 

J!  = 


■kRE3 
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In  f.p.s.  units: 


J-  =  QL  —  ^~  •  1  (33.18) 


or,  in  m.k.s.  units: 

10  g 

Since: 

P.  r-  ^ 

4  4 

we  may  also  write  (m.k.s.  units): 

0.75  1 


J>  =  Q£  _  '  "       •    1  (2(3  19) 

or  again,  since  (eqn.  (33.12))  Le  -  IL: 

128«  v  n  75  /  1 

=  gL  -^ITLl^ZL-^         •  ^JL-  (33.20) 

ir  (A2  -  F2)  (A  -  F)2     10  g 

Order  of  magnitude.  To  assist  the  explanation,  we  shall  ascertain  the  magnitude  of  Jp, 
Jp,  and  of  JFand  J'r  Eliminating  with  this  object  the  common  and  very  variable  factors,  we 
may  write: 


.128,1*0*.  ,  ..  v 

X  =  (m.k.s.  units) 

lOgTrA4 


Thus  we  have: 


j  =  x  JL  =  x  1  _ — j  =  \.l.-  =  x  JL 

p        np*        k  (1  -  m2)  p2  F       np4  kf2p2 

i  n  75  / 

/'  =  X  -  /;  =  X   (33.21) 

p        m4  (T  -/2)(I  -/)2 

Taking  values  of: 

p  =  0.03  m  =  0.4    /  =  0.85     /  =  0.83  (k=  0.5) 

we  have: 

Jp  =  2,646  X  yf  =  3,076  X 

/;  =   39  \  /;  =    100  x 


Jp  +  7;  =  2,685  X         JF  +  /;  =  3,176  X 
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This  shows  that,  for  typical  values,  the  floating-calandria  pan  would  theoretically  give  a 
total  loss  of  head  greater  than  that  for  a  standard  type  of  pan  of  the  same  diameter.  In  order 
to  make  these  equal,  it  would  be  necessary,  again  theoretically,  that  the  floating-calandria 
pan  should  have  a  diameter  A'  such  that: 


or:    A'  =  1.043  A 

2,685 


In  fact  it  is  found  that  for  equal  diameters,  the  floating-calandria  pan  gives  a  circulation 
at  least  as  good  as  that  of  the  pan  with  central  downtake.  This  is  probably  due  to  the  difficul- 
ty encountered  by  the  massecuite  descending  from  the  surface  in  a  downtake  closely  sur- 
rounded by  a  hot  rising  massecuite  which  encloses  it  and  quickly  encroaches  upon  it. 

Equivalent  diameter.  In  hydraulics,  from  the  point  of  view  of  head  losses,  a  non-circular 
cross-section  may  be  treated  as  a  circular  one  having  the  same  ratio: 

Cross-section  of  passage 
Wetted  perimeter 

For  a  circular  section,  this  ratio  has  a  value: 

irD2 

D 

ttD  ~  4 

For  an  annulus  between  two  circles  of  respective  diameters  A  and  F,  the  equivalent 
diameter  D  will  thus  be  given  by: 

x  (A2  -  F2) 
D  _  4  =  A  -  F 

J  ~  ~v  (A  +  F)    ~  4 

Hence: 

D  =  A  -  F      or:       m  =  1  -/  (33.22) 

For  a  narrow  passage  e  between  two  plane  walls  of  infinite  or  very  great  length  z,  we  would 
have  in  the  same  way: 

D  Ze  _  e 
4  ~  2Z  ~  2 


D 
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This  gives  a  useful  comparison  between  tubes  and  plate  elements. 
Dimensioning  for  minimal  head  losses 

It  is  interesting  to  seek  the  relationship  between  the  diameter  d  of  the  tubes  and  the  diameter 
D  of  the  centre  well,  or  the  width  (A  -  F)/2of  the  annulus,  when  the  total  head  losses  are 
minimal: 

(1)  Pan  with  centre  well.  We  have  (eqns.  (33.13),  (33.16)  and  (33.17)): 

rf    m„»jcy~  /l      i  \      . .  a2  -  d2 

JD  +  J'  =   .  „  .       h  |      with:      n  —  k  

For  a  given  pan  and  a  given  rate  Q  of  massecuite  in  the  circuit,  we  require  to  find  the 
minimum  value  of: 


1         1  1  1        1   T  1  1 

ndA      D4  ~  k  (A2  -  D2)  d2      D4  ~  A4  Ik^r^ni2)^2  w4 


or  of: 


1  1 

y  =  +  _ 

k(l  -  m2)p2  m4 


Differentiating  this  expression  with  respect  to  m: 

dy  _       2  kp2m 


This  is  equal  to  0  for: 


dm      k2  (1  -  m2)2p4  m5 


2  kp2m6  =  4  k2p*  (1  -  m2)2 


or: 


m6  =  2  kp2  (1  -  m2)2  (33.23) 
Let  r  =  p  V  2k.  Expression  (33.23)  becomes: 

m3  +  rm2  -  r  =  0  (33.24) 


Let  m  =  x  -  r/3;  (33.24)  then  becomes: 

x3        x  +  r  i2^      1 )  =0 
~  3  V  27  -  / 


(33.25) 


which  has  the  form  x3  +  ax  +  b  =  0. 
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We  can  thus  write: 

b2      o3  _  r2  llr1       \  2       r6  (  I  \ 

7  +  27  ~  4     27  272  ~  27     >  ° 

A  +  B.  Writing: 

2      27  4  27 


Since  V  j  -  e  —  5  -  e,  and  since  r  is  very  small  and  r2  negligible  relative  to  j,  we  may  write: 

A     V    (2  -27      2  27) 

In  the  same  way: 
The  root  is  thus: 

x  =  A  +  = 

Hence: 

/"  3/ —  /■ 

m  =  x-  -  =  vr-- 
3  3 

or: 


m  =  V  pJlk  -  p  ^  (33.26) 

We  see  that,  for  a  pan  of  a  given  diameter  A,  the  head  loss  in  the  circulation  of  massecuite 
will  be  minimal  for  a  certain  value  of  m,  that  is,  of  the  diameter  of  the  centre  well,  which 
depends  on  the  relative  diameter  p  of  the  tubes. 

This  conclusion  is  important  and  has  never  been  stated  before  the  present  author  drew  at- 
tention to  it24.  Most  manufacturers  do  not  take  it  into  account,  and  adopt  a  fixed  ratio  m 
ofthe  downtake,  while  using  a  standard  tube  diameter  (hence  a  variable  value  ofp)  in  all 
their  pans  from  the  smallest  to  the  largest.  Failure  to  recognise  this  is  moreover  more  surpris- 
ing since,  without  any  calculation,  the  interdependence  of  the  relative  diameters  m  and  p, 
from  the  point  of  view  of  head  loss,  is  evident  from  first  considerations. 

Equation  (33.26)  gives  the  following  table  of  values  of  m  corresponding  to  various  values 
ofp: 


The  equation  thus  has  a  unique  root:  x  = 
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TABLE  33.4 

OPTIMAL  THEORETICAL  VALUES  OF  RELATIVE  DIAMETERS  m  OF  TUBES  AND  CENTRE  WELL 


k  P 


0.020        0.025        0.030        0.035  0.040 


0.40  0.2556  0.2743  0.2904  0.3047  0.3176 

0.45  0.2604  0.2794  0.2958  0.3103  0.3234 

0.50  0.2648  0.2841  0.3007  0.3154  0.3287 

0.55  0.2688  0.2883  0.3052  0.3201  0.3335 


It  is  realised  that  the  theoretical  values  of  m  are  at  fault,  on  account  of  the  zone  of  pertur- 
bation around  and  above  the  cylinder  which  forms  the  centre  well.  To  obtain  practical  op- 
timal values,  which  we  designate  by  A/',  we  apply  to  them  the  correction  given  by  the  follow- 
ing formula: 

M'  =  m  +  -.7  "1  (33.27) 
iu 

M'  =  practical  optimal  value  of  the  relative  diameter  of  the  downtake  =  D/A 

m     =  theoretical  optimal  value  of  this  diameter,  given  by  eqn.  (33.26)  or  Table  33.4 

D     =  diameter  of  centre  well 

A    =  diameter  of  the  pan  at  the  calandria  level. 

Thus  AT  =  0.37  for  m  =  0.30.  This  gives  us  Table  33.5  of  practical  values  of  AT. 
It  will  be  noted  that,  for  normal  conditions,  there  is  no  advantage  in  exceeding  40%  for 
the  centre  well,  if  the  correction  suggested  by  our  formula  (33.27)  is  sufficient. 


TABLE  33.5 

OPTIMAL  PRACTICAL  VALUES  OF  RELATIVE  DIAMETER  M'  OP  CENTRE  WELL 


k 

P 

0.020 

0.025 

0.030 

0.035 

0.040 

0.40 

0.330 

0.347 

0.361 

0.374 

0.386 

0.45 

0.334 

0.351 

0.366 

0.379 

0.391 

0.50 

0.338 

0.356 

0.371 

0.384 

0.396 

0.55 

0.342 

0.359 

0.375 

0.388 

0.400 

(2)  Floating-calandria  pan.  Following  the  same  calculation  as  for  the  pan  with  centre  well, 
the  total  head  loss  is  (eqns.  (33.16)  and  (33.20): 
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1  -  /vJ 


and  we  require  the  minimum  value  of  (cf.  eqn.  33.14): 

1  0.75  /  1    [     1  __0^5. 

Z  =  /t^rf2      (^r-  F^(AT  -""^  "  A'4  l_Ar/2p2      (Tr72T(l  -  f)2 

that  is,  of: 

_L  0,75  7 

J  ~  £/2/?2  +  (i  -  /2)  (i  -  f)2 

Differentiating  this  expression  with  relation  to  /  we  have: 

dv  2  _L,_±15_ 

We  require  the  value  of  / for  which 

*Z  =  0    or:    ^-^£SJZ  =  0.75  kl p> 
d/  (1  +  2/)/» 

We  shall  solve  this  equation  by  a  graphical  method,  by  drawing  the  graph  representing  the 
value  of  the  1st  member  as  a  function  of/.  We  then  give  to  the  2nd  member  the  various  values 
which  we  will  take  for  various  values  of  p.  Taking  the  values  of/on  the  graph  corresponding 
to  these  diverse  values  of  the  2nd  term,  we  may  construct  the  graphs  of  Fig.  33.16  which  ex- 
press between  themselves  the  optimal  values  of  /and  of  p,  as  a  function  of  the  commonest 
values  of  the  product  kl.  These  optimal  values  of  /  are  all  included  between  0.86  and  0.92, 
most  often  between  0.87  and  0.91,  As  for  the  central  downtake,  we  find  that  the  relative  in- 
terval (1  -  f)/2  depends  on  the  relative  diameter  of  the  tubes,  p. 

For  a  reason  analogous  to  that  quoted  with  relation  to  a  centre  well,  it  is  realised  that  these 
optimal  theoretical  values  of  /  are  in  error,  being  too  high.  Accordingly  we  shall  take  as  the 
optimal  dimension  that  furnished  by  the  value  /': 

/'   =  /  -  (33.28) 

Hence  we  obtain: 

TABLE  33.6 

OPTIMAL  PRACTICAL  VALUES  OF  RELATIVE  DIAMETER  /'  OF  A  FLOATING  CALANDRIA 


0.020       0.025        0.030        0.035  0.040 


0.30  0.898       0.886       0.877        0.867  0.859 

0.40  0.890       0.878       0.867        0.858  0.849 

0.50  0.885       0.872       0.860       0.850  0.842 
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Fig.  33.16.  Floating-calandria  pans.  Relation  between  /  and p  for  minimal  total  head  loss. 


It  is  obvious  that  the  use  of  different  tube  diameters  would  present  disadvantages. 
However,  it  is  necessary  to  remember  the  influence  of  the  ratio  of  diameters  of  the  tubes  and 
the  centre  well,  for  example,  if  only  to  fix  the  area  of  the  descending  current  of  massecuite 
in  terms  of  the  standard  diameter  which  should  be  adopted  for  the  tubes. 

Choice  of  centre  well  or  floating  calandria 

The  difference  between  the  results  recorded  with  these  two  types  of  pan  is  rather  slight,  and 
can  vary  according  to  the  more  or  less  careful  design  of  the  pan. 

We  have  been  concerned  in  fact  with  losses  of  head,  but  there  are  three  other  important 
characteristics: 

(a)  Graining  volume 

(b)  Maximum  level  of  massecuite 

(c)  Heating  surface. 

(a)  The  graining  volume  depends  largely  on  the  design  of  the  bottom  of  the  pan.  With 
standard  designs,  the  two  types  of  pan  do  not  differ  much  from  this  point  of  view,  but  it 
is  possible  to  obtain  a  graining  volume  slightly  more  advantageous  with  the  centre-well  pan. 
The  floating-calandria  pan  can  with  difficulty  give  a  value  below  30%  and  frequently  reaches 
33%. 
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(b)  As  regards  maximum  \eve\  of  massecuite,  there  is  very  liUk  dtfferencebetween  the  two 
types  of  pan. 

(c)  Considering  heating  surface,  we  have  seen  (p.  655)  that  the  floating-calandria  pan 
would  theoretically  require  a  slightly  greater  diameter  to  avoid  having  a  higher  head  loss  for 
equal  heating  surface.  Generally,  it  is  preferred  to  have  a  calandria  slightly  smaller,  and  con- 
sequently a  heating  surface  slightly  lower;  the  results  obtained  are  nevertheless  equivalent. 

Speed  of  circulation 

Webre25  has  determined  the  velocity  of  circulation  of  massecuite  in  a  calandria  pan,  of  the 
following  characteristics: 


Diameter  of  pan:  3.6     m  (12  ft.) 

Diameter  of  centre  well:  0.9     m  (36  in.) 

Height  of  calandria:  1.2    m  (4  ft.) 

Diameter  of  tubes:  0.127  m  (5  in.) 

Number  of  tubes  in  calandria:  418 

Heating  surface:  195      m2  ( 2,100  sq.ft.) 


Maximum  height  of  massecuite  above  upper  tube  plate:      2.1  m    (7  ft.) 
Working  volume:  34    m3  (1,200  cu. ft.) 

Massecuite  boiled  during  test:  C  massecuite 

The  graph  in  Fig.  33.17  gives  the  mean  circulation  speeds  found  in  the  course  of  the  strike. 
The  velocity  of  circulation,  which  averaged  0.47  m/s  (1.53  ft. /s)  during  the  first  hour,  fell 
to  0.0043  m/s  (0.014  ft./s)  during  the  sixth  hour.  It  is  seen  that,  2  hours  after  the  commence- 


0         1         2         3         4         5  6 

Time  elapsed,  hours 

Fig.  33.17.  Circulation  speed  during  a  strike. 
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ment  of  the  strike,  the  speed  of  circulation  has  already  fallen  to  a  very  low  value.  Near  the 
end,  it  is  negligible. 

In  the  beet  industry,  Claassen26  gives  the  following  velocities: 


Velocity 

Purity   — 

at  start  at  finish 


A  massecuite  96         1      -1.68  mA      (3.3  -5.5    ft./s)      0.22   m/s      (0.72  ft. A) 

B  massecuite  82         0.33-0.22  m/s       (1.08 -0.72  ft./s)       0.006  m/s      (0.02  ft./s) 


With  cane,  Bosworth    indicates  the  following  mean  velocities  of  circulation: 


Refinery  massecuite:  20  cm/s  (8  in./s) 

Raw  factory  A  massecuite:  10  (4) 

Raw  factory  AB  massecuite:  8  (3) 

Raw  factory  B  massecuite:  4  cm/s  (1.6  in./s) 

Raw  factory  C  massecuite:  2  (0.8) 


EVAPORATION  COEFFICIENT 


The  evaporation  coefficient  of  a  pan  is  the  weight  of  water  evaporated  from  the  massecuite 
per  unit  heating  surface  in  unit  of  time.  It  is  generally  expressed  as  kg/m2/h  (Ib./sq.ft./h). 

The  variation  in  evaporation  coefficient  in  the  course  of  a  strike  is  similar  to  the  variation 
of  the  velocity  of  circulation,  which  we  have  just  discussed.  The  same  tests  by  Claassen  in 
a  beet  factory  gave: 


Evaporation  coefficient 

Purity  — 


(kg/m2/h)  (ib./sq.ft./h) 

At  start           At  finish  At  start         At  finish 

A  massecuite                  96                55                  0.7  11  0.14 

B  massecuite                  82                10                  1.0  2.05  0.2 


These  figures  correspond  to  the  following  heat- transfer  coefficients: 


Purity 


Heat-transfer  coefficient 


(kcal/m  V  °C/h)  (B.  T.  V.  / sq.fi/  °F/h ) 

At  start  At  finish  At  start         At  finish 


A  massecuite  96         850-1,000       200  180-200  40 

B  massecuite  82  200-    300  50-100         40-  60  10  -  20 
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Webre    gives,  for  cane  massecuites: 


Evaporation  rate,  in  kg/m2/h  (IbJsq.ftJh) 

Purity 


At  start  At  finish  Average 


B  massecuite  12  34  (7)  1.2  (0.25)  11  (2.26) 


the  heat-transfer  coefficient  varying,  in  the  course  of  the  strike,  from  490  to  24  kcal/m2/ 
°C/h {100-4.88  B.T.U. /sq.ft. /°F/h). 

For  calandria  pans  in  Cuba,  the  same  author29  gives  finally  the  evaporation  coefficients 
quoted  in  Table  33.7).  We  add  some  figures  from  South  Africa: 


TABLE  33.7  (cf.  TABLE  40.8) 

EVAPORATION  RATES  OF  PANS,  IN  kg/mVh  (lb./sq.ft./h) 


Maximum       Minimum  Adopted  in  S.  Africa 


Footings  85  (17.5)  17  (  3.5  )  79  (16.1) 

A  massecuites  71  (14.6)  32  (6.6  )  59  (12.0) 

B  massecuites  46  (  9.4)  11  (2.2  )  49  (10.0) 

C  massecuites  36  (  7.5)  1.7  (0.34)  39  (  8.0) 


Honig  gives,  for  an  A  massecuite  of  purity  86,  with  a  coil  pan  and  heating  steam  at 
1.25-  1.4  kg/cm2  absolute  (18-20  p.s.i.a.),  the  following  details  of  the  values  of  evapora- 
tion coefficient: 

Concentrating  60°  brix  syrup  to  saturation:  120  -  70  kg/m2/h)  (25-15  lb./sq.ft./h) 
Introduction  of  magma  and  establishing 

the  grain:  70-58  (15-  12  ) 

From  footing  to  final  volume  of 

massecuite:  58-47  (12-  10  ) 

Heavying  up  the  massecuite  during  the  last 

20  minutes:  47-23  (10-  4.7) 


HEATING  STEAM 


Formerly,  coil  pans  were  heated  with  direct  steam,  generally  reduced  to  2  -  2.8  kg/cm2  gauge 
(30-40  p.s.i.g).  At  present,  all  strikes  are  heated  either  with  exhaust  steam  or,  to  a  con- 
siderable extent,  by  Wed  vapour .  Good  modern  pans,  however,  are  necessary  to  enable  sugar 
boWvrv%  to  be  done  with  b\ed  vapour ,  and  the  bo'ukvg  \s  ob\'\ous\v  sYightAv  stower .  On  the  other 
hand.,  there  \s  \e?>?>  nsV  o\  decorrsposhxou  ctf  sucrose.  Sovuetvvrves  even  varpoux  \mdex  s\\%Yvt 
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vacuum  is  used.  Generally,  vapour  from  the  1st  effect  is  used;  if  the  boiling  becomes  too  slow 
or  difficult  at  the  end  of  the  strike,  a  change  is  made  to  exhaust  steam  for  heavying  up. 

When  bled  vapour  is  used,  it  is  advisable  to  open  the  incondensable-gas  valves  more  widely 
(c/.  "Settings  of  Valves",  p.  528). 

Steam  entry 

For  pans  with  centre  well,  it  is  preferable  to  distribute  the  steam  through  several  entries  plac- 
ed around  the  calandria.  A  great  quantity  of  steam  surging  against  the  outer  tubes  im- 
mediately in  front  of  the  steam  entry  produces  a  very  rapid  circulation  at  that  point  at  the 
beginning  of  the  strike,  at  the  expense  of  other  zones  of  the  calandria.  At  the  end  of  the 
strike,  however,  during  heavying  up,  this  zone  near  the  steam  entry  produces  false  grain. 
From  this  point  of  view,  it  is  also  advisable  to  provide  each  steam  entry  with  a  conical  baffle 
to  distribute  the  steam,  and  avoid  such  direct  impingement  on  the  tubes  facing  the  steam  en- 


For  floating-calandria  pans,  the  best  system  of  steam  entry  is  to  pass  the  steam  inlet  pipe 
through  the  save-all  and  bring  it  down  vertically  to  the  centre  of  the  calandria.  The  pipe  is 
furnished  with  a  jacket  leaving  a  space  of  19  mm  (3  in.)  under  vacuum  between  the  steam 
pipe  and  jacket,  to  avoid  splashes  of  massecuite  becoming  caramelised  on  the  hot  pipe. 


In  evaporation,  we  have  seen  (p.  563)  that  1  kg  of  heating  steam  was  sufficient  to  evaporate 
approximately  1  kg  of  water  from  the  juice. 

At  the  pan  stage,  if  the  steam  consumption  of  the  pans  is  expressed  as  a  ratio  of  the 
theoretical  quantity  of  water  to  be  evaporated  from  the  syrup,  it  is  seen  that  this  ratio  is  ap- 
preciably greater  than  1 .  This  is  due  to  water  used  to  dilute  the  molasses,  water  for  washing 
out  the  pans,  and  water  for  dissolving  false  grain,  all  of  which  represent  additional  water 
which  must  be  evaporated  as  well  as  that  present  in  the  syrup. 

What  then  is  the  ratio  k  to  be  allowed  for  between  the  quantity  of  steam  required  and  the 
quantity  of  water  originally  present  in  the  syrup? 


Webre  ,  however,  has  more  recently  given  the  following  more  detailed  values,  relative  to 
a  juice  quantity  of  45,000  kg  (100,000  lb.)  per  hour  at  16°  brix: 


try. 


STEAM  CONSUMPTION  AT  THE  PAN  STAGE 


Deerr31  estimates: 

Tromp32: 

Webre": 


1.43 
1.74 
1.23 


Evaporation 


Steam  consumption 


Coefficient  k 


Strikes  A 
B 
C 


(kg/h) 

2,760 
1,015 
890 


(Ib./h) 


6,090 
2,240 
1,970 


(kg/h)  (Ib.h) 


3,035  6,700 
1,165  2,575 
1,070  2,365 


1.10 
1.15 
1.20 


Total 


4,665  10,300 


5,270  11,640 


1.13 
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The  coefficient  in  this  case,  however,  takes  into  account  only  heat  losses,  as  the  water  for 
diluting  molasses  is  included  in  the  1st  column;  this  gives  a  mean  coefficient  k   =  1.30: 

kA  =  1.27 
kB  =  1.32 
kc  =  1.38 


k   =  1.30 


m 


At  Pleystowe,  in  Australia35,  and  in  the  Philippines36,  the  quantities  of  water,  in  addition 
to  concentration  requirements,  have  been  measured.  Table  33.8  gives  the  figures  obtained: 


TABLE  33.8 


QUANTITY  OF  WATER  TO  BE  EVAPORATED  AT  PANS,  IN  kg/t.C.  (lb./t.C.) 


Movement  or  balancing  water 
Pan  washout  water 
Molasses  dilution  water 
Wash  water  at  centrifugals 

Total  added  water 
Original  water  from  syrup 

Total  water  to  be  evaporated 


Australia  Philippines 


13.7  (30.2)  26  0  ,  57  5) 

2.9  (  6.5)  ^  

13.2  (29.1)  6.5  (  14.3) 

5.5(12.2)  1.9  (  4.2) 


35.3  (78.0)  34.4  (  76.0) 

49.8  (110.0) 

84.2  (186.0) 


The  figures  for  the  Philippines  correspond  to  an  evaporation  1.7  times  the  theoretical 
quantity  of  water  to  be  evaporated  from  the  syrup.  However,  the  quantities  added  may  show 
great  variations  between  one  country  and  another;  in  Taiwan363,  for  example,  figures  have 
been  reported  of  1.3  with  defecation  and  1.6  for  carbonation. 

We  may  determine  this  coefficient  k  by  a  calculation  similar  to  that  of  p.  562  applied  to 
a  vacuum  pan  for  the  whole  period  of  a  strike.  The  heat  lost  is  obviously  very  important, 
on  account  of  the  time  necessary  to  effect  the  necessary  heat  exchange.  It  may  be  estimated 
at  about  20%  of  the  total  heat  transferred  during  the  strike.  The  result  depends  to  a  great 
extent  on  the  quantity  of  water  added  to  the  molasses  and  returned  to  the  pan,  expressed  as 
a  percentage  of  the  water  originally  present  in  the  syrup.  This  varies  greatly  according  to  the 
methods  used.  In  the  French  sugar  factories  which  we  are  acquainted  with,  it  should  scarcely 
exceed  10-20%. 

In  these  conditions,  we  find  k  =  1.5.  FCB  admits  km  =  1.52. 

For  the  individual  steam  consumption  of  a  vacuum  pan,  we  may  take  as  a  mean37  for  the 
duration  of  the  charge  0.22  t/h  of  steam  per  m3  (14  lb./h/cu.ft.)  of  nominal  capacity  for 
A  massecuite,  or  0.18  (11.5)  for  C  massecuite. 


Values  generally  accepted.  Widely  diverging  figures  are  given  in  the  technical  literature  for 
the  steam  consumption  of  vacuum  pans: 
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Steam  consumption 


(kg/t.c.) 

(Ib./t.c.) 

Lopez  and  Clark37a: 

123 

275 

Paturau37b: 

125 

280 

Fletcher  and  Stewart,  vapour  at  104°C: 

140 

314 

Jenkins37c:  1 15  -  170  kg/t.c;  mean: 

150 

336 

In  Australia37: 

160 

358 

In  Brazil: 

ordinary  pan: 

165 

370 

pan  with  circulator: 

128 

287 

Calculation  of  steam  consumption.  For  each  of  the  three  massecuites,  we  may  reckon: 

Steam  consumption  =  Qkm  kg/h  per  t.c.  (33.29) 

Q  =  kg  of  massecuite  per  t.c.h. 

Massecuite  A:  k  =  0.275         Batch  operation:  m  =  1.5 
Massecuite  B:  k  =  0.300         Continuous  operation:  m  -  1.2 
Massecuite  C:  k  =  0.360 

Example.  Assuming  A  massecuite  is  boiled  in  batch  operation,  and  B  and  C  in  continuous 
operation: 

Volume  of  A  massecuite  =  1401/t.c.  Weight  =  140  x  1.47  =  206  kg/t.c.  (460  Ib./t.c.) 
Volume  of  B  massecuite  =  54  1/t.c.  Weight  =  54  x  1.47  =  80  kg/t.c.  (180  Ib./t.c.) 
Volume  of  C  massecuite  =    36  1/t.c.        Weight  =    36  X  1.47  =   53  kg/t.c.  (1 19  Ib./t.c.) 

Steam  consumption: 

A  strike:  206  x  0.275  X  1.5  =  85  kg  (190  lb.)  steam  per  t.c. 
B  strike:  80  x  0.300  x  1.2  =  29  kg  (  65  lb.)  steam  per  t.c. 
C  strike:  53  X  0.360  X  1.2  =    23  kg  (  50  lb.)  steam  per  t.c. 


137  kg  (305  lb.)  steam  per  t.c. 

Steam  for  agitation.  Due  to  the  high  density  of  the  massecuite  at  the  end  of  the  charge, 
it  circulates  very  slowly  at  that  stage  and  remains  almost  motionless  in  certain  zones  of  the 
pan.  Mechanical  circulation  contributes  strongly  to  improve  the  situation,  but  one  remedy 
adopted  is  admission  of  live  steam  into  the  massecuite  by  means  of  a  circular  perforated  pipe 
at  the  bottom  of  the  old  type  of  pans,  about  one-third  of  the  radial  width  of  the  calandria, 
reckoned  from  the  outer  wall  of  the  pan,  that  is,  at  a  distance  from  the  wall  of: 


3   \2      2  I 
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In  South  Africa,  this  agitating  steam  is  given  the  name  of  "jigger  steam"  (perhaps  implying 
steam  which  makes  the  massecuite  dance  a  jig).  The  quantity  of  additional  steam  thus  con- 
sumed may  attain  50%  of  the  evaporation  produced  as  a  whole  in  the  pan.  The  coefficient 
m  indicated  above  can  thus  extend,  for  example,  from  1.5  to  2.25.  For  economy,  Fives 
Cail  -  Babcock,  in  its  continuous  pans,  uses  for  such  agitation  the  incondensable  gases  escap- 
ing from  the  pan. 


A  very  important  factor  in  the  design  and  performance  of  vacuum  pans  is  the  ratio  of  their 
heating  surface  to  their  working  capacity.  We  have  just  seen  (p.  598)  that  this  ratio  in  itself 
is  not  sufficient  to  characterise  the  evaporative  capacity  or  the  speed  of  a  pan;  but,  for  the 
majority  of  pans  with  tube  diameters  as  used  at  present,  it  constitutes  a  dominating  factor. 

For  a  convenient  expression  of  this  ratio,  the  working  volume  is  expressed  in  cubic  metres, 
with  heating  surface  in  square  metres  (in  cubic  feet  and  square  feet  in  the  British  system). 

We  have  then: 


A  well-designed  pan  should  have  a  definite  ratio  S/V.  However,  this  ratio  should  depend: 

(a)  On  the  steam  used  for  heating 

(b)  On  the  massecuite  to  be  handled. 

(a)  Steam.  Coil  pans,  utilising  steam  at  pressures  between  0.5  and  4  kg/cm2  (7  and  60 
p.s.i.),  generally  have  a  ratio  W  o/  3.3-4.9  m2/m3  (1-1.5  sq. ft. /cu. ft.),  preferably 
3.9-4.6(1.2-1.4). 

Calandria  pans,  utilising  exhaust  steam  at  a  pressure  of  0.5-1  kg/cm2  (7-15  p.s.i.), 
should  have  a  ratio  S/V  of  4.9-6.6  m2/m3  (1.5-2.0  sq.ft./cu.ft.). 

If  these  pans  are  intended  to  use  normally  bled  vapour  from  effects,  at  a  pressure  of 
0-0.42  kg/cm2  (0-6  p.s.i.),  it  will  be  advisable  to  increase  their  heating  surface  so  as  to 
raise  their  ratio  S/Vto  6.6-7.2  mVm3  (2-2.2  sq.ft./cu.ft.). 

The  optimum  proportions  of  heating  surface  are  summarised  in  Table  33.9. 

In  other  words,  the  heating  surface  will  be  increased  all  the  more  according  as  the  steam 
used  is  at  lower  temperature. 


HEATING  SURFACE  AND  RATIO  OF  HEATING  SURFACE  TO  VOLUME 


S      Heating_surfacej3f  pan 


V         Working  capacity 


TABLE  33.9 


RATIO  OF  HEATING  SURFACE  TO  VOLUME 


Type  ofH.S. 


Steam  used 


Steam  press. 
(kg/cm2)  (P.s.Lg.) 


Optimum  S/V  ratio 
(m2/mi)       (sq.ft./cu.ft. J 


Coils  Live  steam  0.5-4  7-60  3.9-4.6  1.2-1.4 

Calandria  Exhaust  0.5-1  7-15  4.9-6.6  1.5-2.0 

Calandria  Bled  vapour  0  -0.4        0-  6  6.6-7.2  2.0-2.2 
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(b)  Massecuite.  The  influence  of  the  massecuite  to  be  treated  is  less  important  than  that 
of  the  steam.  However,  it  is  desirable  to  take  it  into  account,  since  the  massecuite  becomes 
more  viscous  as  its  purity  decreases.  Now  it  is  necessary  to  heat  a  viscous,  badly  circulating 
massecuite  more  carefully  and  more  gently,  on  account  of  the  risk  of  caramelisation  and  for- 
mation of  false  grain.  Hence  it  is  desirable  to  decrease  the  heating  surface  and  also  the  steam 
pressure,  when  low-grade  material  is  being  treated,  so  that  the  rate  of  boiling  may  be  reduced 
as  required  by  the  viscosity  of  the  material. 

Table  33.10  gives,  for  example,  suitable  figures  for  different  grades  of  massecuite,  using 
exhaust  steam. 


TABLE  33.10 


OPTIMUM  VALUE  OF  RATIO  S/V  FOR  DIFFERENT  STRIKES 


Time  for  strike  Ratio  S/V 

(hours)  (m2/m3)       (sq.ft. /cu.ft.) 


Refined  sugars  2  9.8  3 

Special  white  sugars  1\  -  3  8.2  2.5 

1st  massecuites  3-4  5.9  1.8 

Low-grade  massecuites  4-8  4.9  1.5 


HEIGHT  OF  MASSECUITE,  CIRCULATION,  HEATING  SURFACE  AND  GRAINING  VOLUME 

It  must  not  be  supposed  that  a  desired  ratio  of  heating  surface  to  volume  and  a  certain  grain- 
ing volume  can  be  adopted  independently.  There  are  in  effect  four  important  factors  to  which 
one  should  strive  to  give  the  optimum  value  when  designing  a  pan  of  a  given  capacity: 

(a)  The  maximum  height  of  the  massecuite,  which  should  be  as  small  as  possible,  to  avoid 
re-solution  of  crystals. 

(b)  The  circulation,  which  should  be  as  rapid  as  possible,  in  order  to  give  rapid  working 
and  a  good  exhaustion. 

(c)  The  graining  volume,  which  should  be  as  small  as  possible,  in  order  to  permit  the  max- 
imum exhaustion  with  the  minimum  volume  of  massecuite  per  tonne  of  cane. 

(d)  The  heating  surface  required  to  give  the  desired  ratio  S/V.  For  A  and  B  massecuites, 
the  higher  the  heating  surface,  the  faster  will  be  the  pan;  for  low-grade  pans,  where  such  fast 
boiling  is  not  required,  the  greater  the  heating  surface,  the  lower  will  be  the  pressure  and 
temperature  of  the  heating  steam  required,  hence  lower  heat  losses  and  less  colour  formation. 

It  is  readily  seen  that  these  four  factors  are  contradictory: 

(a)  If  the  height  of  the  massecuite  is  decreased,  circulation  will  be  improved,  but  the  grain- 
ing volume  will  be  increased.  Or,  if  the  same  graining  volume  is  maintained,  the  heating  sur- 
face will  be  decreased. 

(b)  If  the  circulation  is  to  be  improved,  for  a  given  type  of  pan,  it  is  often  necessary  to 
increase  the  centre  well  or  the  annular  space,  and  thus  to  decrease  the  heating  surface.  The 
graining  volume  at  the  same  time  is  increased.  In  the  same  way,  increasing  the  tube  diameter 
would  improve  the  circulation,  but  at  the  expense  of  heating  surface,  in  two  ways:  firstly, 
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because,  for  a  given  calandria,  the  heating  surface  is  inversely  proportional  to  tube  diameter; 
secondly  (see  Tables  33.5  and  33.6),  since,  when  the  tube  diameter  is  increased,  the  diameter 
of  the  centre  well  or  the  width  of  the  annular  space  must  be  increased  in  order  to  conserve 
optimal  proportions. 

Finally,  we  see  that,  for  a  given  type  of  pan,  a  given  diameter  of  tubes,  and  a  given  circula- 
tion space  (central  or  other  downtake),  a  compromise  must  be  reached  between  height  of 
massecuite,  graining  volume  and  heating-surface  -  volume  ratio.  It  is  not  possible  to  do  more 
than  choose  the  optimum  compromise  for  the  duty  desired. 

These  dictates  of  design  render  it  difficult  to  design  a  pan  having,  for  example,  more  than 
5.9  m2  heating  surface  per  m3  (1.8  sq.ft./cu,ft.)of  useful  capacity,  without  exceeding  a  grain- 
ing volume  of  30%. 

Only  the  adoption  of  mechanical  circulation  would  render  solutions  possible  which  other- 
wise are  absolutely  incompatible.  In  particular,  it  permits  of  much  greater  massecuite 
heights,  of  the  order  of  2.1  m  (7  ft.),  without  serious  risk  as  regards  re-solution  of  grain. 


CAPACITY  OF  PANS 

The  capacity  of  a  vacuum  pan  is  generally  measured  by  the  maximum  volume  of  massecuite 
which  it  can  contain.  This  maximum  level  is  generally  (cf.  p.  646)  in  the  middle  of  the  top 
sight  glass;  which  obviously  is  a  way  of  saying  that  the  designer  places  the  top  sight  glass  in 
such  a  position  that  its  centre  coincides  with  the  maximum  level  which  he  has  fixed. 

However,  the  volume  of  a  pan  is  only  superficially  the  principal  factor  in  its  capacity  in 
terms  of  tonnes  cane  per  hour.  The  determining  factor  is  in  reality  its  heating  surface,  which 
determines  the  quantity  of  water  which  it  can  evaporate  in  the  course  of  the  season  from  the 
syrups,  molasses  and  massecuite  which  it  will  have  to  handle.  Many  people  reckon  the  capaci- 
ty of  a  factory  as  regards  its  pans,  according  to  the  heating  surface  of  the  latter. 

There  exists  moreover  a  certain  proportion  between  heating  surface  and  working  volume 
(cf.  p.  667).  If  a  comparison  is  made  between  various  pans,  some  with  coils  and  some  calan- 
drias,  and  if  allowance  be  made  for  the  fact  that  some  of  these  are  heated  with  exhaust  steam, 
others  by  bled  vapour,  and  if  it  be  assumed  that  all  these  pans  are  correctly  proportioned 
(that  is  to  say,  they  have  the  desired  heating-surface  -  volume  ratio),  it  will  then  be  preferable 
to  refer  to  them  in  terms  of  volume,  because  the  heating  surface  has  been  modified  according 
to  the  steam  or  vapour  used  for  heating.  In  other  words,  three  pans  each  of  28  m3  (1,000 
cu.ft.): 

the  first  a  coil  pan,  using  reduced  live  steam,  with  heating  surface  s  =  130  m2  (1,400 
sq.ft.), 

the  second  a  calandria  pan,  using  exhaust  steam,  s  =  165  m2  (1,800  sq./ft.), 

the  third  a  calandria,  heated  by  vapour  from  the  1st  vessel,  5  =  185  m2  (2,000  sq.ft.), 
will  have  practically  the  same  working  capacity,  that  is  to  say,  they  would  boil  massecuites 
of  the  same  category  (A,  B  or  C)  in  the  same  time. 

For  this  reason  it  remains  logical  to  reckon  pan  capacities  in  terms  of  volume.  It  will  be 
of  interest  to  indicate  also  the  heating  surface. 

We  consider  that  in  raw  sugar  manufacture  and  for  calandria  pans,  a  pan  capacity  of  1.6 
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m3  (57  cu.ft.)  with  a  heating  surface  of  9-  10  mVt.c.h.  (100-110  sq.ft./t.c.h.)  should  be 
provided.  The  distribution  of  this  will  be  indicated  later  (p.  676).  With  horizontal  pans  with 
plate  elements  of  the  F.L.C.  type,  these  figures  could  be  very  readily  reduced  to  1.5  m3  (54 
cu.ft.)  and  9  mVt.c.h.  (100  sq.ft./t.c.h.).  In  South  Africa  and  Mauritius3611,  1.7  mVt.c.h. 
(60  cu.ft./t.c.h.)  is  generally  available  as  a  mean  volume. 


SUGAR-BOILING  PROCEDURES 

When  concentration  of  the  syrup  coming  from  the  evaporators  is  continued  in  a  vacuum  pan, 
when  the  massecuite  has  been  "grained"  and  "built  up",  and  when  this  massecuite  has  been 
subsequently  passed  to  the  centrifugals,  the  sugar  remains  in  the  centrifugal  basket,  and  the 
mother  liquor  passes  through  the  gauze.  The  mother  liquor  so  separated  is  termed  the 
"molasses"  from  the  centrifuged  massecuite.  The  first  massecuite  obtained  from  virgin  syrup 
(to  which  sometimes  a  certain  proportion  of  first  molasses  is  "boiled  in"  to  the  pan)  is  called 
A  (or  first)  massecuite,  and  the  mother  liquor  separated  from  it  in  the  centrifugals  is  called 
A  molasses,  sometimes  first  molasses  or  A  syrup. 

However,  this  A  molasses  still  contains  a  high  proportion  of  crystallisable  sug^Cr .  It  is 
therefore  put  aside,  and  is  used,  for  example,  to  "build  up"  further  massecuites  on  a  suitable 
footing.  Such  a  massecuite  is  then  called  B  or  second  massecuite,  and  the  mother  liquor 
which  is  separated  from  it  in  the  centrifugals  is  termed  B  (or  second)  molasses. 

This  operation  may  be  repeated  several  times,  but  the  number  of  massecuites  is  soon 
limited,  because: 

(1)  The  molasses  becomes  more  and  more  exhausted  of  sugar 

(2)  All  the  sugar  which  it  contains  is  not  crystallisable,  since  the  non-sugars  immobilise  a 
certain  proportion  of  sugar 

(3)  The  decrease  of  purity  consequent  on  the  removal  of  sugar,  together  with  the  repeated 
boiling,  mixing  and  centrifuging,  give  rise  to  an  increase  in  the  viscosity  of  the  successive 
molasses  obtained,  rendering  the  last  massecuites  very  difficult  to  treat  and  to  keep  in  circula- 
tion in  the  pans. 

The  last  molasses  obtained,  which  is  considered  to  be  practically  exhausted,  or  from  which 
no  further  recovery  is  attempted,  is  termed  "final  molasses",  or  in  common  parlance  simply 
"molasses".  It  is  sent  out  from  the  factory  to  the  distillery,  where  unfortunately  it  takes  with 
it  the  considerable  proportion  of  sugar  which  it  still  contains;  though  the  attempt  to  recover 
this  sugar  has  been  given  up,  it  is  very  far  from  being  negligible  in  quantity,  since  it  generally 
constitutes  the  greatest  loss  suffered  in  the  manufacture. 

The  procedure  employed  in  order  to  attain  the  desired  recovery  of  sugar  is  obviously  of 
great  importance.  Accordingly  we  shall  study  the  processes  generally  employed. 

Purities.  All  processes  of  sugar  boiling  are  based  on  purity.  Indeed,  purity  is  the  simplest 
criterion  of  exhaustion.  Unfortunately,  it  is  not  the  best:  one  molasses  at  36  apparent  purity 
may  be  well  exhausted;  another,  at  34,  may  result  from  defective  work  and  could  have  been 
easily  reduced  to  32. 
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There  are  several  ways  of  calculating  the  purity  p.  The  purity  has  the  value: 

p  =  -  x  100  (33.31) 

p   =  purity 

s    =  sugar  %  in  the  material  analysed 
B  =  total  material  in  solution,  as  %  of  this  material. 
Now,  the  quantity  of  sugar  s  may  be  estimated  in  two  ways: 

(a)  As  sucrose:  for  this  it  is  necessary  to  use  the  Clerget  method  of  analysis,  which  is  time- 
consuming. 

(b)  As  polarisation,  for  which  a  single  reading  in  the  polariscope  is  sufficient.  Since  this 
method  is  much  simpler  and  more  rapid,  it  is  the  one  most  frequently  used.  However,  on 
account  of  the  presence  of  reducing  sugars,  the  rotatory  power  of  which  is  opposite  to  that 
of  sucrose  (levo-rotary  instead  of  dextro-rotary),  the  polarisation  always  gives  a  figure  for 
sugar  content  lower  than  the  true  quantity  of  sucrose  contained  in  the  solution. 

In  the  same  way,  the  total  solids  in  solution  (sugars  plus  non-sugars)  are  determined  in 
three  different  ways: 

(a)  Dry  substance,  or  solids  by  drying. 

(b)  Refractometric  dry  substance,  obtained  by  the  reading  of  a  refractometer.  This  figure 
;enerally  differs  only  slightly  from  the  true  dry  substances,  but  is  always  higher. 

(c)  Gravimetric  solids,  or  "brix",  obtained  by  the  reading  of  a  Brix  saccharometer  or  a 
ydrometer.  This  figure  differs  from  the  true  dry  substance  in  the  same  direction  but  more 
larkedly  than  the  refractometric  brix,  thus  giving  a  figure  appreciably  higher.  Although  the 
se  of  the  refractometer  has  increased  greatly,  many  sugar  countries  still  use  the  hydrometer, 
hich  means  that  brix  and  purity  figures  are  not  comparable  between  the  two  groups  of 
)untries. 

According  to  the  analytical  methods  employed,  we  thus  distinguish: 


(a)  True  purity: 


(b)  Gravity  purity: 


sucrose 

p  =   (33.32) 

dry  substance 


p  -  (33.33) 


(c)  Apparent  purity: 


brix 


nnl 

p  =  (33.34) 
brix 
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Certain  American  countries  still  conduct  factory  control  on  the  basis  of  apparent  purities. 
There  is  little  disadvantage  in  this  for  control  of  the  clarification  or  for  that  of  molasses  ex- 
haustion. It  is  useful,  however,  to  determine  the  sucrose  (Clerget)  for  materials  which  in- 
fluence the  sucrose  balance  to  a  substantial  extent,  that  is,  at  least  for  mixed  juice  and  for 
final  molasses.  The  question  of  exhaustion  will  be  discussed  in  terms  of  apparent  purities, 
with  special  comment  when  the  question  of  Clerget  purity  is  involved  for  molasses. 

An  approximate  calculation  is  given  by 


True  purity  =  21.5  +  0.785  x  Apparent  purity 


(33.35) 


In  the  discussion  which  follows  we  shall  assume  that  all  the  purities  are  apparent  figures. 

The  boiling  process  commences  with  syrup  the  purity  of  which  is  of  the  order  of  85,  and 
generally  finishes  in  the  cane  sugar  factory  with  a  molasses  the  apparent  purity  of  which  is 
approximately: 

Mediocre  exhaustion  (or  unfavourable  conditions):  40 
Good  exhaustion  (or  normal  conditions):  36 
Very  good  exhaustion  (or  good  conditions):  32 
Exceptional  exhaustion  (or  very  favourable  conditions):  28 

(1)  Two-massecuite  system 

This  term  describes  the  process  of  operating  in  two  stages.  It  is  little  used  except  in  temperate 
countries  where  the  syrup  purity  is  very  low.  It  consists  (Fig.  33.18)  of  forming  two  types 
of  massecuite: 

(a)  A  first  massecuite,  of  purity  75,  formed  from  a  footing  of  straight  syrup,  with  return 
of  high-purity  first  molasses  and,  if  necessary,  lower-purity  first  molasses  (see  below) 


1st  Molasses 
light 
p. 62 


\ 

\ 

Syrup 
p=85 

1st  Mol. 
light 

1st  Mo  I. 
heavy 

Footing 
of  syrup 


1st  Molasses 
heavy 
p«55 


2nd  Sugar 
(or  magma) 


1st  Sugar 

Fig.  33.18.  Two-massecuite  system. 


Final  Molasses 
p=35-41 
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(b)  A  second  massecuite,  of  60  purity,  built  up  on  a  footing  of  straight  syrup,  with  return 
exclusively  of  lower-purity  molasses. 

At  the  centrifugals  the  first  massecuite  may  be  treated  by  double  purging,  or  by  single 
purging  with  separation  of  heavy  molasses  (fugalling  without  washing)  and  light  molasses  of 
higher  purity  (corresponding  to  the  period  of  washing  with  water  and  steam  during  which 
a  certain  quantity  of  sugar  dissolved  by  the  water  or  steam  goes  out  with  the  molasses). 

The  purities  which  should  be  obtained  are  indicated  in  the  diagram  given  (Fig.  33.18), 
which  is  self-explanatory.  The  sugar  from  the  second  massecuite  may  be  either  despatched 
as  it  is,  for  sale,  or  made  into  magma  in  the  mixer  below  the  centrifugals  for  use  as  footing 
for  the  first  massecuites. 


Fig.  33.19.  Three-massecuite  system. 


(2)  Three-massecuite  system  (Fig.  33.19) 

This  is  the  system  most  frequently  adopted.  Three  types  of  massecuite  are  boiled: 

(a)  A  massecuite  of  purity  80  -  85,  formed  on  a  footing  of  C  magma  and  built  up,  accor- 
ding to  the  syrup  purity,  either  entirely  of  straight  syrup  or  on  syrup  with  more  or  less 
substantial  additions  of  A  molasses  near  the  end  of  the  strike 

(b)  B  massecuite  of  purity  68  -  72,  formed  on  a  magma  footing  and  built  up  entirely  of 
A  molasses 

(c)  C  massecuite  of  purity  56-60,  grained  on  a  blend  of  syrup  and  A  molasses  of  purity 
72-75,  and  built  up  with  B  molasses,  after  establishing  and  growing  the  grain. 

The  A  and  B  sugars  are  despatched  for  sale,  being  centrifuged  generally  with  light  washing 
with  water.  In  this  case  a  light-coloured  raw  sugar  is  obtained,  of  polarisation  about  98.5 
for  the  A  and  97.5  for  the  B  sugar.  The  amount  of  washing  may  be  varied  according  to  the 
quality  of  sugar  required.  More  often  a  more  thorough  washing  with  steam  is  used.  Generally 
the  rich  and  poor  molasses  are  not  separated,  to  avoid  complicating  the  operation,  since  these 
two  molasses  differ  only  slightly  according  to  the  degree  of  washing  employed. 

The  C  sugar  is  pasty  (due  to  adhering  molasses);  it  may  be  remelted,  but  the  general  and 
most  economic  method  consists  of  remixing  it  below  the  low-grade  centrifugals  with  water, 
juice  or  syrup.  The  best  solution  is  perhaps  the  use  of  juice,  taken  from  the  clear-juice  box 
of  the  clarifier,  stored  and  cooled  in  a  small  unlagged  tank. 
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If  there  is  an  excess  of  C  sugar  relative  to  the  requirements  for  A  and  B  footings,  it  is 
remelted;  but  this  excess  can  be  avoided  by  controlling  the  grain  size.  For  example,  it  may 
be  planned  to  produce  a  C  sugar  of  0.3  mm,  a  B  sugar  of  0.7  and  an  A  sugar  of  1  mm.  The 
size  of  the  C  grain  depends  on  the  quantity  of  ground-sugar  slurry  introduced  in  the  graining, 
and  on  the  fineness  of  the  mixture. 

Remelting  the  C  sugar,  though  it  is  less  economical,  has  at  least  the  advantage  of  helping 
to  give  a  purer  A  sugar  crystal  and  one  of  better  filterability. 

The  purity  drops  are  generally  of  the  order  of: 

18-20  points  between  A  massecuite  and  A  molasses 
21-23  points  between  B  massecuite  and  B  molasses 
22  —  30  points  between  C  massecuite  and  C  molasses. 

(3)  Four-massecuite  system 

As  far  as  we  know,  this  system  is  utilised  only  in  a  few  factories  in  Hawaii  and  the  Antilles 
and  to  a  diminishing  extent  in  Australia.  The  author  has  used  it  only  in  exceptional  cases. 
Four  types  of  massecuite  are  boiled38: 

(a)  A  massecuite,  formed  from  the  straight  syrup 

(b)  AB  massecuite,  formed  from  one-third  of  syrup  and  two-thirds  of  A  molasses 

(c)  B  massecuite,  formed  from  one-quarter  of  syrup  and  three-quarters  of  AB  molasses 

(d)  C  massecuite,  formed  from  one-eighth  syrup  and  seven-eights  of  B  molasses. 

The  purities  obtained  are,  according  to  the  mutual  control  of  Queensland  factories383 
(averages  for  1940),  as  given  in  Table  33.11. 

The  sugar  from  the  first  three  massecuites  forms  the  shipment  sugar,  with  purities  of  99.5, 
99  and  98,  respectively. 

This  system,  like  the  preceding  one,  may  equally  well  be  used  with  magma  or  grained 
footings. 

TABLE  33.11 

PURITIES  IN  4-MASSECUITE  SYSTEM 

Massecuite       Brix      Massecuite  purity      Mol.  purity       Purity  drop       Crystal  %  brix 

A  9  1.8 

AB  •  92.4 

B  S>^_S> 

C  S>3.5 


This  procedure  increases  the  quantity  of  molasses  reboiled,  and  consequently  tends  to  in- 
crease their  viscosity,  to  an  extent  which  risks  losing  the  benefits  obtained  from  the  additional 
complications  of  the  system. 

Double-magma  system.  In  the  3-massecuite  process,  which  is  by  far  the  commonest,  it  is 
possible  to  arrange  to  produce  only  A  sugar,  by  utilising  C  sugar,  mixed  into  magma  as 
footing  for  the  B  massecuites,  and  using  B  sugar  again  in  the  form  of  magma  as  footing  for 


86.9 
79.4 
72.9 
61.2 


68.8 
59.5 
53.4 
36.8 


18.1 
19.9 
19.5 
24.4 


57.8 
49.1 
41.8 
38.6 
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the  A  strikes.  Even  in  this  case,  it  may  be  arranged  so  that  there  is  no  excess  of  C  sugar; 
but  there  is  unavoidably  an  excess  of  B  sugar.  The  neatest  way  of  operating  then  consists 
of  separating  the  B  centrifugals  into  two  equal  groups:  one  which  supplies  the  sugar  to  be 
mixed  as  magma  to  serve  as  footing  for  the  A  massecuites,  the  other  furnishing  commer- 
cial sugar.  The  latter  receives  some  water  wash,  while  the  other  half  receives  no  wash. 

This  system  has  the  advantage  that  only  about  13%  of  the  commercial  sugar  consists  of 
B  sugar,  instead  of  about  27%.  It  allows  of  more  rapid  fugallingof  the  portion  of  B  sugar 
which  is  used  as  magma,  with  a  better  exhaustion  since  it  is  not  washed;  and,  contrary  to 
what  may  be  expected,  it  requires  hardly  any  extra  capacity  in  pans  or  A  centrifugals  than 
does  the  single  magma  process. 

Alternative  procedures.  There  are  three  main  systems  of  operating  the  three-massecuite 

system: 

(a)  CB  —  CA.  The  C  massecuite  is  seeded  and  its  grain  is  used  as  magma  to  serve  as  footing 
for  the  A  and  B  strikes. 

(b)  CBA.  The  C  massecuite  is  seeded  and  its  grain  is  used  as  magma  to  serve  as  footing 
for  the  B  strike,  the  grain  of  which  serves  as  footing  for  the  A  strike.  The  excess  of  crystal 
is  remelted. 

(c)  System  of  footing  for  B  and  A.  A  syrup  strike  is  seeded  and  this  grain  serves  as  footing 
for  the  B  and  C  strikes.  The  C  sugar  is  remelted,  the  B  sugar  serves  as  footing  for  the  A 
massecuite. 

Quantities  of  massecuites 

Taking  into  account  the  molasses  returned  to  the  various  charges,  the  total  volume  of 
massecuite  will  be  of  the  order  given  in  Table  33.12. 

These  volumes  of  massecuite  per  ton  of  cane  will  obviously  vary  with  the  brix  and  the 
purity  of  the  mixed  juice,  above  or  below  the  mean  values  given. 


TABLE  33.12 
MASSECUITEVOLUME,INIitres/t.c.(cu.ft./t.c.) 


System 

3-mass 

2-mass, 

Single- 

Double- 

4- mass. 

magma 

magma 

A  massecuite 

140  (5) 

95  (3.4) 

125  (4.5) 

85  (3  ) 

AB  massecuite 

55  (2  ) 

B  massecuite 

30  (1) 

50  (1.8) 

50(1.8) 

35  (1.3) 

C  massecuite 

37  (1.3) 

37  (1.3) 

25  (0.9) 

Totals 

170  (6) 

182(6.5) 

212(7.6) 

200  (7.2) 

Influence  of  purity  on  boiling  time 

Purity  has  a  marked  influence  on  velocity  of  crystallisation.  Van  Hook39  indicates  that,  for 
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certain  syrups,  this  crystallisation  velocity  falls  by  half  when  the  purity  drops  from  100  to 
95,  and  to  one-ninth  of  its  value  when  the  purity  drops  from  100  to  80.  Hence  there  are  con- 
siderable differences  between  the  times  necessary  for  boiling  A,  B  and  C  massecuites. 

For  a  given  massecuite,  it  is  considered  in  Jamaica40  that,  provided  the  purity  does  not  dif- 
fer too  greatly  from  normal,  the  time  for  boiling  a  strike  increases  by  2%  when  the  purity 
falls  by  one  unit  (83  -  82,  for  example). 

Distribution  of  pans  between  the  various  massecuites 

The  time  necessary  for  a  strike  increases  rapidly  in  proportion  as  the  purity  of  the  charge 
decreases  (cf.  Fig.  33.3  and  Table  33.10).  It  follows  that  the  proportions  of  the  total  pan 
volume  to  be  reserved  for  each  of  these  massecuites  vary  greatly  from  the  proportions  of  the 
respective  volumes  of  the  massecuites. 
With  modern  and  well-designed  pans,  the  following  times  of  boiling  are  typical: 


A  massecuite:  2} -3  h 
B  massecuite:  3  -4  h 
C  massecuite:  4  -  8  h 


S.  Africa  Fives  Cail ~  Babcock 

4|  h  3.3  h 

6  h  4.5  h 

9  h  8  h 


This  leads  to  the  following  distribution  of  pans  in  terms  of  useful  capacity: 


(hl/t.c.h.) 

A  massecuite:  6 
B  massecuite:  4 
C  massecuite:  6 


Total  16 


(cu.ft./t.c.h.) 

(21)  or:  37.5% 

(14)  or:  25  % 

(21)  or:  37.5% 


(56)  100 


For  the  4-massecuite  formula,  Tromp41  suggests; 


A  massecuite:  8  =  33% 

AB  massecuite:  7  =  29% 

B  massecuite:  5  =  21% 

C  massecuite:  4  =  17% 


24  100% 


The  first  column  simply  gives  the  relative  proportions. 


Relative  location  of  pans 

The  order  in  which  pans  are  arranged  or  aligned  on  the  pan  stage  is  of  some  importance. 
In  a  3-massecuite  system,  for  example,  there  will  be  two  (single-magma)  or  three  (double- 
magma)  sizes  of  grain,  and  it  is  important  to  avoid  mixing  grain  of  different  sizes.  Now  the 
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pans  are  connected  by  a  "cut-over"  pipe  of  large  diameter,  since  massecuites  and  magmas 
are  difficult  materials  to  transfer  through  a  pipe,  and  there  always  remains  a  considerable 
volume  of  crystals  in  this  piping  after  each  "cut  over"  or  transfer.  The  row  or  rows  of  pans 
should  accordingly  be  located  so  that  the  normal  transfers  of  the  different  types  of  mas- 
secuite  or  magma  do  not  use  the  same  portion  of  this  piping  system.  This  is  easily  avoided 
by  a  judicious  arrangement  of  the  pans;  if  it  is  impossible,  in  an  old  factory,  two  cut-over 
pipes  may  be  provided. 

Crystal  yield  from  massecuites 

The  crystal  yield  from  a  massecuite  (sometimes  termed  the  exhaustion  of  the  massecuite)  is 
the  proportion  of  crystal  recovered  from  the  massecuite,  expressed  as  percentage  of  its 
sucrose  content.  It  has  the  value: 


r  =  100  ^  (33.36) 
j  (100  -  m) 

j    =  purity  of  massecuite 

m  =  purity  of  molasses  from  that  massecuite. 

The  following  figures  have  been  reported  from  South  Africa42  for  average  crystal  yield: 


A  massecuite:  62.5% 
B  massecuite:  60.3% 
C  massecuite:  56.6% 

The  recovery  from  the  C  massecuite  is  by  far  the  most  important,  since  it  determines  the 
purity  of  the  final  molasses  and  consequently  the  overall  recovery.  It  may  vary  between  42 
and  60. 
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Exhausted  molasses 

There  is  no  absolute  criterion  to  indicate  whether  the  molasses  obtained  is  really  exhausted. 
According  to  Deerr43,  experience  indicates  that,  in  an  exhausted  molasses,  for  unit  of  non- 
sugar,  0.455  water  is  required  to  maintain  the  non-sugar  in  solution,  and  for  unit  of  water, 
there  is  approximately  1.8  of  sugar  dissolved  in  this  water.  Hence  about  0.82  of  sugar  for 
1  of  non-sugar. 

Deerr  states  that  sugar  will  not  crystallise  from  such  a  molasses  when  further  water  is 
removed. 
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The  composition  of  such  molasses  would  be  as  follows: 


Dry  substance;  80% 

Polarisation:  27 

Sucrose:  36% 

Non-sucrose:  44% 


Brix:  90 
True  purity:  45 
Gravity  purity:  40 
Apparent  purity:  30 


This  composition  obviously  is  given  as  typical  only,  and  Deerr  comments  that  in  practice 
better  figures  are  often  obtained. 

Exhaustibility  of  molasses 

Lacking  a  better  criterion,  the  degree  of  exhaustion  of  a  molasses  has  generally  been  judged 
until  recently  by  its  purity,  the  Clerget  purity  being  a  better  index  than  the  apparent  purity. 
However,  it  has  been  long  realised  that  the  purity  reached  depended  on  the  composition  of 
the  impurities  contained  in  the  juice  and  consequently  in  the  molasses.  In  particular,  the  puri- 
ty attainable  was: 

(a)  Lower  as  the  proportion  of  reducing  sugars  was  higher 

(b)  Higher  as  the  proportion  of  ash  was  higher. 

Many  formulae  have  been  proposed,  of  which  several  have  been  given  in  the  second  edi- 
tion. The  more  important  are  the  following: 

(a)  The  Douwes  Dekker44  formula: 


P  =  true  purity  attainable  with  normal  exhaustion  of  the  molasses  (sometimes  termed  target 
purity) 

r    -  reducing  sugars  %  of  non-sucrose  in  the  molasses 
c   =  ash  (sulphated)  %  non-sucrose  in  the  molasses  with: 


P  =  36  -  0.08r  +  0.26c 


(33.37) 


Non-sucrose  =  dry  substance  -  Clerget  sucrose 


and45: 


Carbonated  ash  =  sulphated  ash  x  0.752 


The  Douwes  Dekker  formula  applied  only  to  defecation  factories  was: 


P  =  33  -  0.055r  +  0.31  c 


(33.38) 


MOLASSES 


679 


Dry  substance,  difficult  to  determine  accurately,  may  be  obtained  by  the  formula  of  Sijlmans 
for  defecation  factories: 

Dry  substance  =  brix  by  dilution  1  :  9  by  weight  -  (0.72  x  sulphated  ash  %) 

The  value  for  dry  substance  varies  greatly  depending  on  the  method  of  analysis.  The 
following  are  figures  determined  in  Mauritius46  for  the  same  product  the  ash  content  of 
which  was  14.36%: 

Brix  by  dilution  ^  (wt./vol.):  93.34 

Brix  by  dilution  £  (wt./wt.):  93.09 

Brix  by  dilution  I  (wt./wt.):  88.60 

Refractometric  brix  by  dilution  \  (wt./wt.):  83.98 

By  drying  (under  vacuum):  81.37 

By  drying  (at  105°C):  79.94 

It  will  be  noticed  that  the  refractometric  brix  approaches  the  true  figure  more  closely  than 
the  gravimetric  figure. 

(b)  In  Queensland47,  the  formula  of  the  Sugar  Research  Institute  is: 


P  =  40.67  -  17.8  log  f  (33.39) 


P  =  true  purity  obtainable 

R  =  reducing  sugars%  molasses 

C  =  sulphated  ash  °7o. 


(c)  In  South  Africa48: 


P  =  39.94  -   19.60  log  -  (33.40) 


The  similarity  with  the  Australian  formula  suggests  that  a  more  general  formula  could  be: 

P  =  40  -  18.5  log  (33.41) 

(fif)On  account  of  the  differences  in  these  various  formulae,  Reunion  uses  the  very  simple 
formula: 

P  =  40  -  4  -  (33.42) 
t  • 

P  =  refractometric  -  Clerget  purity  obtainable,  R  and  C  as  above. 
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Quantity  of  molasses  per  tonne  of  cane 

If  the  molasses  is  not  weighed,  or  if  it  is  desired  to  check  the  result  given  by  the  materials 
balance  of  the  factory,  it  is  easy  to  calculate  the  weight  of  molasses  per  tonne  of  cane  which 
the  factory  should  produce. 
Let: 

Q   =  weight  of  mixed  juice  %  cane 

B    =  brix  of  mixed  juice 

P    -  purity  of  mixed  juice 

q    =  weight  of  molasses  %  on  cane 

B    =  brix  of  the  molasses 

m 

Pm  =  purity  of  the  molasses 

e    =  loss  in  muds  +  undetermined  losses,  expressed  as  a  ratio  of  the  sugar  contained  in 

mixed  juice 
r     -  boiling-house  recovery  (cf.  p.  838). 

The  sugar  contained  in  the  mixed  juice  has  the  value  QBP.  Of  this,  the  factory  recovers 
QBPr. 

The  remaining  sugar: 


QBP  {I  -  r) 


should  be  found  in  the  molasses,  muds  and  undetermined  losses,  if  losses  by  inversion  or 
caramelisation  are  neglected.  Now  the  sugar  lost  in  the  molasses  has  the  value: 


We  should  therefore  have: 


QBP  (1  -  r)  =  qBmPm  +  QBPe 

Hence: 

QBP{\  -  r  .  e) 


q  - 

B*Pr»  (33.43) 


Example: 


This  gives: 


Q  =  98   B  =  15         P    =  85 

B  =  95         P     =  40 

m  m 

r  =   0.90  e    =  O.Ol 


=  98  X  15  X  85  (1  -  0.90  -  0.01)      _  ^m 

q   =  2.96%  on  cane 

y  ~  95  x  40 
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CONDUCT  OF  THE  SUGAR  BOILING 

The  job  of  the  sugar  boiler  is  certainly  the  most  critical  of  all  those  in  the  factory.  Although 
it  tends  to  become  more  and  more  simplified  and  controlled  by  instruments,  sugar  boiling 
is  still  certainly  a  matter  of  skill,  and  this  skill  and  this  craft  on  the  part  of  the  sugar  boilers 
still  have  a  profound  influence  on  the  quality  and  yield  of  sugar. 

A  strike  consists  of  four  principal  phases;  these  will  be  described  with  particular  reference 
to  C  massecuites,  which  are  the  most  critical. 

(a)  Concentration 

The  sugar  boiler  introduces  into  the  pan  a  certain  quantity  of  either  syrup  or  a  mixture  of 
syrup  and  molasses  of  about  75  purity.  This  quantity  is  determined  by  the  graining  volume. 
It  should  be  as  small  as  possible,  while  being  sufficient  to  cover  the  calandria,  or  the  bottom 
coil;  otherwise  there  would  be  caramelisation  of  the  splashes  and  small  drops  of  syrup  which 
would  make  contact  with  the  exposed  portions  of  the  heating  surface. 

The  smaller  the  volume  of  syrup  drawn  in,  or  the  graining  volume,  the  smaller  will  be  the 
number  of  crystals  in  the  final  massecuite,  and  the  larger  will  be  the  crystals. 

The  sugar  boiler  should  add  further  syrup  as  the  volume  in  the  pan  is  decreased  owing  to 
the  concentration  of  the  charge,  so  as  to  maintain  the  liquid  level  in  the  pan  always  high 
enough  to  cover  the  heating  surface  in  use. 

(b)  Graining 

As  the  syrup  becomes  concentrated,  it  becomes  more  viscous.  When  the  supersaturation  has 
attained  the  required  value,  graining  is  carried  out.  This  was  formerly  done  by  the  "waiting 
method"  or  by  shocking,  i.e.  by  sudden  introduction  of  a  "drink"  of  cold  syrup.  It  is  now 
done  (with  few  exceptions)  only  by  seeding. 

In  the  absence  of  instruments  which  will  be  described  later  (p.  686),  the  right  moment  cor- 
responds to  a  brix  of  the  order  of  80.  The  sugar  boiler  recognised  this  condition  by  the 
viscosity  of  the  syrup,  the  drops  of  which  flow  down  more  and  more  slowly  on  the  sight 
glasses.  He  also  used  the  "string  proof";  he  took  a  sample  of  syrup  by  means  of  the  proof- 
stick  and,  taking  a  small  portion  between  thumb  and  index  finger,  he  separated  the  fingers 
quickly;  the  right  condition  for  graining  corresponds  to  a  string  which  breaks  at  a  length  of 
about  one  inch.  If  it  is  too  soon,  the  string  breaks  as  soon  as  the  fingers  are  separated;  if 
too  late,  it  does  not  break. 

Graining  by  the  waiting  method  took  place  in  the  labile  zone  (cf.  p.  631).  Graining  by 
shocking  was  done  in  the  intermediate  zone,  the  shock  itself  giving  a  rapid  passage  into  the 
labile  zone  (S  =  1.60-  1.70).  Graining  by  seeding  takes  place  in  the  metastable  zone,  at 
about  5*  =  1.10-  1.20  for  high-purity  strikes,  1.15-1.18  for  lower-purity  material.  At  the 
right  moment  the  vacuum  is  reduced  to  58.5  -  61  cm  (23  -  24  in.),  and  the  operator  waits  until 
the  instruments  (or  the  string  proof)  indicate  afresh  the  correct  concentration  at  this  new 
temperature.  The  slurry  of  ground  sugar  is  then  introduced,  generally  by  a  cock  provided  for 
the  purpose,  which  must  of  course  discharge  into  the  pan  below  the  syrup  level.  This  cock 
and  attached  tube  should  be  of  rather  small  diameter,  in  order  that  the  quantity  of  air  taken 
in  with  the  slurry  should  not  take  the  fine  seed  grain  with  it  towards  the  condenser,  through 
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the  massecuite,  in  the  form  of  fine  bubbles.  The  cock  will  be  opened  cautiously  to  avoid  this. 

After  the  grain  has  been  introduced,  steam  is  shut  off  completely  to  avoid  possible  solution 
of  the  fine  crystals  by  contact  with  the  heating  surface.  After  waiting  a  few  minutes,  boiling 
is  then  continued  very  gently,  so  as  to  allow  the  grain  to  grow.  Further  additions  of  syrup 
are  not  made  until  30  -  60  min  after  seeding,  and  the  vacuum  is  then  gradually  brought  back 
to  normal,  in  a  further  15-30  min. 

Since  graining  for  a  C  massecuite  is  a  long  and  critical  operation,  with  risk  of  forming  false 
grain,  it  is  recommended  that  the  operation  be  carried  out  in  a  small  pan  and  in  a  medium 
of  relatively  high  purity;  this  is  best  obtained  by  a  mixture  of  syrup  with  a  high-grade 
molasses.  The  B  molasses  is  not  introduced  until  the  crystals  have  reached  a  reasonable  size 
(40  —  50  microns).  To  avoid  at  that  stage  an  excess  supersaturation,  the  molasses  is  diluted 
by  addition  of  water:  5-10  min  in  A  and  B  massecuites,  2-8  min  with  C  strike.  This  may 
also  be  done  by  reduction  of  the  vacuum. 

Preparation  of  the  seed.  The  grain  of  the  ground  sugar  slurry  should  be  as  uniform  as 
possible,  the  aim  being  a  size  of  10  —  25  microns.  Knovl  and  Moller49  recommend  a  time  of 
grinding  of  8  hours  at  least,  followed  by  a  period  in  rotating  containers  of  24  hours,  which 
reduces  the  grain  to  5  or  8  microns. 

Since  the  icing  sugar  used  for  preparing  the  grain  has  a  great  tendency  to  setlle  as  a  com- 
pact mass,  this  disadvantage  can  be  avoided  by  adding  1%  of  tricalcium  phosphate.  The 
prepared  slurry  on  its  part  has  a  tendency  to  settle,  so  it  is  advisable  to  use  it  promptly,  or 
to  keep  only  the  necessary  quantity,  in  a  small  bottle  and  for  a  short  time  only. 

Quantity  of  seed  to  introduce.  Honig  and  Alewijn50  estimate  (and  we  share  their  view)  that 
best  results  are  obtained  when  seeding  is  effected  by  means  of  a  slurry  of  very  finely 
powdered  refined  sugar.  This  slurry  is  prepared  in  a  small  ball-mill  where  the  sugar  is 
suspended  in  an  organic  liquid  which  does  not  dissolve  sucrose,  such  as  isopropyl  alcohol, 
ethyl  alcohol,  petrol,  etc.  They  recommend  160  g  of  sugar  per  100  m3  (4.5  g/100  cu.ft.)  of 
final  C  massecuite.  The  quantity  obviously  depends  on  the  fineness  of  grinding  of  the  seed 
grain  and  the  size  of  final  grain  required.  Roger  Bax51,  in  Mauritius,  reckons  530-565  g  of 
sugar  per  100  m3  (15-  16  g/100  cu.ft.)  of  final  C  massecuite.  Belle  Glade  in  Florida52  gives 
1.6  kg  per  100  m3  /\  lb./l,000  cu.ft.). 

The  sugar  for  preparing  the  seed  should  be  very  dry.  If  moist,  it  forms  small  lumps.  It  is 
necessary  to  keep  it  in  demijohns,  in  airtight  tins  or  in  stoppered  bottles.  The  ball-mill  is  left 
to  run  for  3,  6,  12  or  even  24  hours,  in  order  to  obtain  the  desired  fineness  of  seed  crystal. 

(c)  Building  up  the  grain 

After  introducing  the  seed  slurry  into  the  pan,  supersaturation  continues  to  increase  for  3  -  5 
min.  As  soon  as  this  time  has  elapsed  it  is  necessary  to  commence  the  use  of  movement  water, 
in  order  to  maintain  an  evaporation  rate  sufficient  to  give  good  circulation.  Use  of  movement 
water  will  be  continued  for  15-20  min  until  the  crystals  become  visible  to  the  naked  eye; 
this  practice  avoids  an  increase  of  supersaturation  which  would  involve  formation  of  secon- 
dary grain. 

As  soon  as  the  grain  is  large  enough  to  be  observed  in  a  proof,  the  experienced  sugar  boiler 
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will  know  whether  he  has  enough  grain  or  too  much.  If  he  has  too  much  he  proceeds  to 
dissolve  a  portion  of  it  by  the  rapid  introduction  of  a  large  charge  of  syrup.  If  he  has  insuffi- 
cient grain,  there  is  little  remedy;  he  will  be  obliged  to  boil  a  large  grain,  which  is  not  a  great 
disadvantage  for  high-grade  massecuites,  but  will  lead  to  unsatisfactory  exhaustion  in  a  final 
massecuite.  To  avoid  having  an  irregular  grain,  it  is  necessary  to  take  particular  care  not  to 
form  a  further  crop  of  grain,  otherwise  crystals  of  two  different  sizes  will  be  formed,  which 
will  be  very  detrimental  to  the  fugalling. 

The  remainder  of  the  strike  consists  particularly  of  developing  the  existing  grain  without 
forming  false  grain  (that  is  to  say,  new  grains  which  may  form  either  crystals  of  a  different 
size,  rendering  the  fugalling  very  difficult,  or  a  fine  crystal  which  is  liable  to  pass  through 
the  holes  in  the  centrifugal  gauzes  and  so  enrich  the  molasses  which  is  separated). 

With  this  object,  it  is  necessary  to  strive  to  maintain  the  greatest  possible  uniformity  of 
operation,  and  to  maintain  constant  both  the  vacuum  and  the  steam  pressure. 

Any  sudden  increase  in  vacuum  or  any  sudden  fall  in  steam  pressure  causes  a  risk  of  form- 
ing secondary  grain,  due  to  the  reduction  in  boiling  temperature  in  the  pan  (causing  a  sudden 
passage  into  the  labile  or  intermediate  zone). 

Apart  from  these  two  common  causes,  false  grain  may  also  be  due  to: 

(1)  Rate  of  evaporation  forced  too  high 

(2)  Introduction  of  syrup  or  molasses  at  too  low  a  temperature 

(3)  Entry  of  air  by  leakage  at  the  bottom  door  of  the  pan,  if  it  is  not  tightly  closed. 

If  false  grain  does  form,  the  sugar  boiler  should  notice  this  promptly,  and  proceed  to 
dissolve  it  by: 

(a)  Raising  the  temperature  in  the  pan,  by  decreasing  the  vacuum 

(b)  Introducing  a  large  quantity  of  syrup  or  of  water  so  as  to  dissolve  the  fine  grain. 
When  boiling  large-grain  sugar,  it  may  even  be  difficult  to  avoid  false  grain  unless  a  very 

dilute  syrup  or  even  juice  is  available  for  use  as  pan  feed. 

If  false  grain  is  formed  near  the  end  of  the  strike,  the  high  viscosity  and  the  lack  of  circula- 
tion in  the  massecuite  render  it  almost  impossible  to  redissolve  it  (cf.  Fig.  33,17). 

The  sugar  boiler  will  not  resume  feeding  the  pan  with  syrup  (A  massecuite)  or  will  not  com- 
mence feeding  molasses  (B  and  C  massecuites)  until  the  crystals  have  attained  a  size  such  that 
they  represent  about  one-third  of  the  volume  of  the  massecuite. 

(d)  Tightening  the  massecuite 

Guided  by  experience,  the  sugar  boiler  introduces  syrup  (or  molasses)  into  the  pan  at  a  rate 
sufficient  (1)  to  compensate  for  the  quantity  of  water  evaporated,  (2)  to  increase  slowly  and 
progressively  the  volume  of  the  massecuite  in  the  pan,  in  such  a  way  that  the  concentration 
increases  with  the  level  of  the  massecuite,  and  so  that  the  brix  will  approximate  to  the  max- 
imum value  desired  when  the  massecuite  has  reached  the  level  corresponding  to  the  full  pan. 

During  the  last  phase  of  the  strike,  we  have  therefore  in  the  pan  a  very  tight  and  very 
viscous  massecuite,  circulation  of  which  is  very  laborious.  Concentration  is  continued  to 
"tighten"  the  material  to  the  maximum  obtainable. 

In  order  to  maintain  an  acceptable  circulation  during  this  final  phase  of  the  strike,  move- 
ment water  will  be  introduced  as  was  done  after  graining;  this  will  be  done  during  the  last 
half  hour  or  hour  of  the  strike.  As  well  as  giving  some  improvement  in  the  circulation,  this 
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practice  at  the  same  time  achieves  a  reduction  in  the  supersaturation  and  so  reduces  the  risk 
of  formation  of  very  fine  false  grain  in  this  last  critical  period  of  the  strike. 

When  it  is  observed  that  the  crystals  occupy  the  maximum  space,  and  that  the  mother  li- 
quor occupies  only  the  void  volume  remaining  between  the  adjacent  crystals,  which  are 
touching  each  other,  the  strike  is  "dropped".  That  is,  the  vacuum  connection  is  shut  off, 
the  cock  communicating  to  the  atmosphere  is  opened,  which  breaks  the  vacuum  with  a 
characteristic  whistle,  and  then  the  discharge  door  of  the  pan  is  opened  to  the  crystallisers 
or  mixers  below. 

When  the  pan  is  empty,  steaming-out  is  commenced:  a  steam  valve  is  opened  to  admit 
steam  to  the  interior  of  the  pan,  leaving  the  bottom  door  open.  The  steam  dissolves  the  sugar 
and  cleans  the  vessel. 

Exhaust  steam  will  be  used,  as  it  is  more  effective  and  more  economical  than  live  steam. 
A  more  complete  washing  is  obtained  by  using  water  sprays  arranged  round  the  upper  part 
of  the  pan;  the  water  should  be  hot  and  under  pressure,  well  directed  on  the  sides  of  the  pan. 

Actually,  only  the  upper  portion  of  the  pan  need  be  steamed  out,  since  the  part  correspon- 
ding to  the  graining  volume  is  automatically  washed  by  the  thin  syrup  introduced  at  the 
beginning  of  the  following  charge,  while  that  syrup  is  being  concentrated. 

Feeding.  There  are  two  principal  methods  of  feeding  the  syrup  or  molasses  to  the  pan: 

(a)  Discontinuously  by  "drinks" 

(b)  Continuously  by  leaving  the  inlet  valve  set  at  a  reduced  but  constant  opening. 

The  latter  method  permits  a  constant  supersaturation  to  be  maintained,  or  allows  the 
supersaturation  to  be  increased  in  a  progressive  and  regular  fashion.  It  is  much  better  than 
the  former  method,  which  gives  poor  or  inferior  results;  it  also  gives  appreciably  faster  boil- 
ing. 

Automatic  feeders  give  continuous  feeding,  the  actuating  valve  opening  more  or  less  accor- 
ding to  requirements. 

Supersaturation.  It  is  not  possible  to  indicate  precisely  the  supersaturation  to  be  maintain- 
ed, since  it  depends  on  the  purity  of  the  syrup  or  mother  liquor,  which  itself  varies  in  the 
course  of  the  strike.  However,  since  graining  is  carried  out  practically  always  on  a  syrup  of 
80-85  purity,  it  is  possible  to  indicate  typical  figures.  Although  graining  may  be  carried  out 
by  seeding  in  the  metastable  zone,  it  is  generally  carried  out,  whether  by  seeding  or  by  shock- 
ing or  by  the  waiting  method,  in  the  labile  zone.  The  following  supersaturations  may 
therefore  be  recommended: 

{a)  Graining:  1.25  <  S  <  1.40 

(33.44) 

(b)  Building  up  the  grain:      1.08  <  S  <  1.20 

Webre53  considers  that,  for  C  massecuites,  a  normal  supersaturation  is  1.325,  and  may 
vary  from  1.25  to  1.40. 

Tests  carried  out  in  Australia54  have  shown  that,  for  growing  the  crystals  in  A  massecuites, 
it  is  necessary  to  keep  between  1.07  and  1.17,  according  to  the  zone  of  the  pan  involved,  if 
it  is  desired  to  avoid  formation  of  false  grain. 
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There  are  two  conditions  which  permit  these  values  to  be  more  easily  maintained.  These 
are: 

(1)  Individual  vacuum 

(2)  Use  of  the  cuitometer  or  other  instruments,  and  automatic  feed. 


CENTRAL  AND  INDIVIDUAL  VACUUM 

For  reasons  of  simplicity  and  economy,  many  factories  used  to  concentrate  the  vacuum 
system  of  the  factory  in  one  part  of  the  building,  generally  known  as  the  "vacuum  house", 
and  the  single  installation  was  known  as  central  vacuum. 

The  factory  then  has  only  one  vacuum  pump,  only  one  barometric  condenser,  one  pump 
for  cold  water  and  one  pump  for  hot  water  from  the  condensers.  The  multiple  effect  and 
all  the  vacuum  pans  were  then  connected  by  vapour  piping  to  this  central  condenser. 

This  installation  was  very  practical  from  the  mechanical  point  of  view,  and  conducive  to 
minimum  cost.  However,  it  had  a  serious  disadvantage.  If  the  multiple  effect  does  not  pro- 
duce appreciable  disturbances  in  the  system,  it  is  by  no  means  the  same  with  the  vacuum 
pans.  When  syrup  is  introduced  into  one  of  the  pans,  and  concentration  is  commenced, 
evaporation  is  very  rapid  (cf.  p.  663);  the  evaporation  and  condensation  of  a  quantity  of 
vapour  so  much  greater  than  normal  constitutes  such  an  additional  load  on  the  central 
vacuum  system  that  the  whole  installation  cannot  but  feel  the  effects.  Sometimes  the  vacuum 
falls  abruptly  in  this  way  from  66  to  61  cm  (26  to  24  in.),  for  example.  When  by  chance  two 
pans  commence  a  strike  at  the  same  time,  the  trouble  is  obviously  more  serious.  Such  sudden 
changes  are  obviously  very  detrimental  to  strikes  in  process  in  the  other  pans;  we  have  just 
seen  (cf.  p.  683)  to  what  extent  it  is  important  for  sugar  boiling  and  for  fugalling  to  maintain 
a  very  uniform  vacuum.  A  variation  of  13  mm  (j  in.)  in  vacuum,  under  certain  conditions, 
is  sufficient  to  cause  formation  of  false  grain. 

A  partial  remedy  may  be  obtained  by  furnishing  the  vacuum  valve  of  each  pan  with  a  small 
pipe  50-75  mm  (1  -  2  in.)  in  diameter  by-passing  the  valve,  and  furnished  itself  with  a  small 
valve  of  the  appropriate  diameter.  When  a  pan  is  restarted,  the  large  vacuum  valve  is  then 
left  closed,  and  the  vacuum  is  raised  by  means  of  the  small  by-pass.  Thus  the  quantity  of 
air  to  be  handled  and  consequently  the  overload  imposed  on  the  central  vacuum  system  is 
limited.  When  the  vacuum  in  the  pan  has  nearly  reached  its  normal  value,  the  main  valve 
is  reopened. 

Webre55  recommends  the  installation  of  a  small  vacuum  system  reserved  specially  for  use 
when  restarting  pans. 

These  devices  provide  a  solution  for  the  pan  connection,  which,  however,  is  incomplete, 
since  when  the  vacuum  valve  is  opened  the  pan  is  certainly  at  the  same  pressure  as  the  vacuum 
system,  but  is  full  of  air,  and  this  is  sufficient  to  exceed  the  capacity  of  the  air  pump.  Further, 
when  steam  is  opened  into  the  calandria  of  the  pan,  the  excessive  evaporation  load  at  the 
start  of  the  strike  remains  too  high  and  still  has  its  influence  on  the  whole  vacuum  system. 

A  slight  improvement  may  be  obtained  by  providing  at  each  pan  a  separate  condenser  con- 
nected to  the  central  air  pump. 

However,  the  only  complete  solution  is  the  individual  vacuum  system.  This  consists  of  hav- 
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ing  each  pan,  and  similarly  the  multiple  effect,  entirely  separate  and  providing  for  each  a 
small  individual  vacuum  system. 
This  solution  obviously  presents  some  disadvantages: 

(a)  Multiplicity  of  units  (condensers  and  pumps). 

(b)  High  cost.  Not  only  are  more  units  required,  but  further,  the  sum  of  the  capacities  of 
the  individual  condensers  and  pumps  must  be  much  greater  than  the  capacity  of  the  central 
condenser  or  pump,  since  each  individual  installation  must  be  capable  of  evacuating  the  max- 
imum quantity  of  air  and  of  steam  from  the  pan  which  it  serves,  whereas  the  central  vacuum 
system  is  designed  on  the  mean  output  of  several  pans,  on  the  assumption  that  only  one  of 
these  will  be  working  under  peak  conditions,  that  is,  at  the  beginning  of  a  strike. 

(c)  Power  consumption  will  be  appreciably  higher,  since  each  pump  is  designed  for  max- 
imum duty,  and  works  during  most  of  the  time  far  below  its  nominal  power  consumption; 
this  always  causes  a  higher  power  consumption,  especially  for  electric  motors. 

(^Consumption  of  cooling  water  will  be  greater. 
On  the  other  hand,  it  has  several  advantages: 

(a)  It  eliminates  the  enormous  and  cumbersome  vacuum  piping  connecting  the  central  con- 
denser to  the  multiple  effect  and  to  all  the  vacuum  pans.  Each  small  condenser  may  be  placed 
in  immediate  proximity  to  the  pan  which  it  serves. 

(b)  A  breakdown  of  one  unit  involves  a  shutdown  of  only  the  pan  concerned  and  can 
generally  be  repaired  without  shutting  down  the  factory. 

(c)  Finally,  the  very  great  gain,  which  is  the  main  object  of  the  system,  is  that  the  operator 
of  each  pan  can  regulate  its  vacuum  at  will  without  affecting  the  operation  of  the  other  units. 

When  low-speed  reciprocating  air  pumps  were  used,  individual  vacuum  was  really  hardly 
practical,  but  with  the  introduction  of  jet  condensers  and  particularly  rotary  vacuum  pumps 
using  a  liquid  annulus  (such  as  the  Nash  type),  the  value  of  the  system  cannot  be  overem- 
phasised. AU  of  the  A  and  B  pans  could  be  grouped  under  the  same  vacuum  system,  but  the 
C  pans  at  least  should  have  individual  vacuum  equipment.  Individual  vacuum  constitutes  an 
essential  condition  for  good  operation  of  the  factory;  its  installation  is  possible  without 
serious  alterations,  and  its  higher  cost  is  rapidly  recovered  by  the  improvement  in  efficiency 
of  the  factory  and  in  quality  of  the  sugar. 

However,  there  is  one  case  where  central  vacuum  could  regain  preference.  It  is  where  the 
factory  has  continuous  pans  only  for  A,  B  and  C  strikes.  At  present  such  cases  are  very  few, 
but  the  extension  of  continuous  pans  will  inevitably  render  them  more  and  more  common. 
There  is  then  no  longer  anything  to  disturb  the  vacuum,  which  can  remain  strictly  uniform; 
and  there  is  nothing  against  installing  a  central  vacuum  system,  which  is  simpler  and  more 
economical. 


INSTRUMENTS  FOR  PAN  CONTROL  (G.H.J.) 

Since  degree  of  supersaturation  is  the  most  important  variable  in  sugar  boiling,  some  type 
of  instrument  to  indicate  degree  of  supersaturation  is  a  necessity  for  efficient  operation.  In- 
struments used  are  of  two  main  classes:  one  uses  boiling-point  elevation  of  the  material,  while 
the  other  used  electrical  conductivity,  as  an  indication  of  supersaturation.  In  either  case,  the 
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relationship  between  the  property  measured  and  the  supersaturation  of  the  mother  liquor 
must  first  be  established  for  the  particular  class  of  material  concerned;  and,  with  either 
method,  the  detecting  elements  must  be  correctly  located  to  ensure  accurate  results. 

Instruments  based  on  boiling-point  rise 

These  instruments  measure  the  boiling-point  rise  (BPR)  of  the  massecuite  relative  to  that  of 
pure  water  at  the  same  absolute  pressure.  Since  the  boiling-point  rise  of  a  solution,  for  a 
given  solute,  is  directly  proportional  to  the  concentration  of  solute,  the  supersaturation  coef- 
ficient is  given  by  the  ratio  of  the  boiling-point  rise  of  supersaturated  solution  to  that  of  a 
saturated  solution  at  the  same  temperature.  With  pure  sucrose,  the  relationship  of  boiling- 
point  rise  to  degree  of  saturation  is  readily  established;  with  impure  solutions  such  as  those 
treated  in  the  raw  sugar  factory,  the  effect  of  the  impurities  must  be  ascertained  for  each  type 
of  material. 

Attempts  at  using  BPR  as  a  measure  of  supersaturation  were  unsuccessful  until  Smith56 
in  the  1930's  established  the  conditions  necessary  for  dependable  readings.  The  main  re- 
quirements are 

(a)  Correct  location  of  the  thermometer  elements  in  the  massecuite 

(b)  A  dependable  arrangement  for  measuring  the  corresponding  vapour  temperature. 
Due  to  the  effects  of  hydrostatic  head,  the  temperature  of  the  massecuite  at  any  depth 

below  the  boiling  surface  is  considerably  higher  than  that  at  the  surface;  the  latter  is  the  true 
boiling  point  corresponding  to  the  working  vacuum.  Smith  accordingly  placed  the  ther- 
mometer element  in  the  downtake,  on  the  reasoning  that  the  temperature  of  the  descending 
massecuite  is  the  same  as  that  at  the  surface,  after  the  superheat  due  to  hydrostatic  head  has 
been  released  by  flash. 

Measurement  of  the  vapour  temperature  is  best  obtained  by  attaching  a  small  pilot  pan 
to  the  vacuum  pan;  water  is  boiled  in  the  small  pan,  the  vapour  discharging  into  the  vapour 
space  of  the  main  pan.  The  temperature  in  the  small  pan  thus  gives  the  boiling  point  of  water 
at  the  vapour  pressure  in  the  pan,  and  the  difference  between  the  readings  of  the  massecuite 
thermometer  and  the  thermometer  in  the  small  pan  thus  gives  the  boiling-point  elevation. 

It  is  found  in  practice  that  the  thermometer  element  in  the  downtake  does  not  give  an  ac- 
curate measure  of  the  temperature  at  the  surface  of  the  boiling  massecuite.  Since  the 
massecuite  circulation  does  not  follow  the  ideal  pattern  depicted  in  Fig.  33.9,  the  superheat 
due  to  hydrostatic  head  is  not  entirely  released  at  the  surface,  and  the  temperature  of  the 
descending  massecuite  is  higher  than  that  at  the  boiling  surface.  The  resulting  inflation  of 
massecuite  temperature  thus  increases  as  the  level  in  the  pan  builds  up;  hence,  to  maintain 
a  uniform  supersaturation,  an  increasing  BPR  (as  read  by  the  instrument)  must  be  used  as 
the  pan  fills.  With  automatic  control,  a  suitable  cam  can  be  used  to  set  the  apparent  BPR 
to  an  increasing  figure  as  the  pan  builds  up. 

Generally,  supersaturation  coefficients  are  not  calculated  for  normal  operation,  but  BPR 
itself  is  used  as  the  controlling  figure,  i.e.  the  boiling  is  carried  on  at  a  specified  boiling-point 
rise. 

BPR  -  purity  -  saturation  relationships.  In  order  to  determine  supersaturation  coefficient, 
it  is  necessary  to  establish  the  value  of  the  BPR  for  a  saturated  solution  of  the  composition 
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concerned  and  at  the  temperature  in  use.  Holven57  has  established  that  the  BPR  at  saturation 
increases  with  increasing  temperature  of  the  solution,  and  increases  with  decreasing  purity. 
The  increased  BPR  at  lower  purities  is  a  result  of  the  increased  total  solids  content  of  a 
saturated  solution  of  lower  purity,  relative  to  pure  sucrose  under  similar  conditions.  Figure 
33.20  shows  the  relationships  for  one  type  of  material  as  given  by  Holven.  Such  graphs  of 
course  apply  only  for  non-sugars  of  a  particular  composition,  and  the  actual  values  will  vary 
not  only  with  purity  of  the  mother  liquor  at  a  given  factory,  but  with  the  nature  of  the  non- 
sugars  present. 

Having  established  such  relationships  for  the  particular  composition  of  material  concern- 
ed, the  supersaturation  coefficient  for  such  material  in  the  pan  is  readily  determined  from 
the  boiling-point  rise  relative  to  the  established  figure  for  that  material  at  saturation. 
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Fig.  33.20.  Boiling-point  elevation  of  mother  liquor  as  a  function  of  temperature.  (Reproduced  by  permission  of 

John  Wiley  and  Sons.) 


Effect  of  temperature  variations.  It  is  readily  seen  that  the  BPR  is  a  function  of  the  concen- 
tration of  dissolved  solids,  and  gives  a  measure  of  supersaturation  only  if  temperature  (and 
hence  solubility)  remains  constant.  If  temperature  varies,  the  BPR  will  remain  essentially 
constant,  but  the  solubility  will  alter  and  the  supersaturation  coefficient  will  change.  Hence, 
if  the  BPR  is  to  give  a  reliable,  measure  of  supersaturation,  the  absolute  pressure  or  vacuum 
in  the  pan  must  remain  constant;  and  it  is  found  that  automatic  control  of  vacuum  is  an 
essential  for  satisfactory  use  of  the  BPR  method. 

Instruments.  Resistance  thermometers  are  generally  used  in  modern  installations  as  the 
most  suitable  type  for  continuous  recording.  The  instruments  are  thus  of  Wheatstone-bridge 
type,  registering  the  temperature  difference  in  terms  of  the  resistances  of  the  thermometer 
elements.  Indicating,  recording  and  controlling  instruments  are  used;  and  the  feed  of  syrup 
or  molasses  to  the  pan  is  controlled,  manually  or  automatically,  to  maintain  the  set  value 
of  BPR. 


INSTRUMENTS  FOR  PAN  CONTROL  (G.H.J.) 


689 


Conductivity  instruments 

Honig  and  Alewijn  in  Java58,  about  1927,  considered  using  viscosity  as  an  index  of  super- 
saturation,  and  chose  electrical  conductivity  as  the  most  convenient  indication  of  viscosity. 
The  method  depends  on  the  reduction  of  conductivity  with  increasing  viscosity,  due  to  the 
retarding  effect  of  viscosity  on  the  mobility  of  ions  in  solution.  It  was  found  that  conductivity 
followed  the  supersaturation  more  closely  than  did  refractive  index,  which  was  used  to  some 
extent  at  the  time.  With  the  development  of  robust  electrodes  for  use  in  a  pan,  the  method 
was  adapted  to  practical  use  in  the  factory,  and  is  now  very  widely  used. 

As  with  the  BPR  method,  position  of  electrodes  in  the  pan  is  important.  They  are  generally 
placed  below  the  calandria,  or  in  the  downtake,  to  obtain  a  sample  of  the  material  correspon- 
ding approximately  to  its  temperature  and  concentration  at  the  surface  after  it  has  released 
its  superheat.  The  electrodes  must  be  placed  at  a  suitable  distance  from  the  wall  of  the  pan, 
and  from  any  other  metal  bodies  such  as  coils  or  calandria,  to  avoid  short-circuiting  of  the 
current  to  such  metal.  Dimensions  of  electrodes  have  been  generally  standardised,  e.g.  in 
Queensland,  cylindrical  electrodes  of  16  mm  (I  in.)  diameter  and  44  mm  (II  in.)  long  are  us- 
ed, spaced  75  mm  (3  in.)  apart  between  centres.  The  electrodes  are  suitably  mounted  for 
ready  removal;  this  is  important,  as  frequent  cleaning  is  necessary  to  maintain  consistent 
readings. 

As  with  the  BPR  method,  supersaturation  coefficients  are  not  generally  calculated  for  or- 
dinary operation;  conductivity  figures  (often  expressed  simply  as  current  in  mA  at  a  standard 
voltage)  are  used  as  the  basis  for  control.  Establishment  of  the  correct  values,  of  course,  re- 
quires prior  calibration  for  each  type  of  massecuite,  and  for  differing  compositions  of  the 
non-sugars  concerned. 

Conductivity  —  viscosity  —  supersaturation  relationships.  The  relationship  of  conductivity 
to  supersaturation  may  be  summarised  in  general  terms  by  stating  that  the  viscosity  of  a 
molasses  follows  the  supersaturation  fairly  closely  for  variations  in  either  concentration  or 
temperature  within  the  normal  range  of  pan  operations.  As  specific  resistance  is  approx- 
imately proportional  to  viscosity,  the  resistance  in  turn  follows  the  supersaturation  coeffi- 
cient fairly  closely,  i.e.  there  is  an  inverse  relationship  between  conductivity  and  supersatura- 
tion coefficient.  It  will  thus  be  seen  that,  by  fortunate  relationships  between  different  proper- 
ties, the  conductivity  gives  a  good  indication  of  supersaturation  even  with  slight  variations 
in  temperature.  For  this  reason,  the  conductivity  method,  unlike  the  BPR  method,  is  not 
seriously  affected  by  moderate  changes  in  vacuum. 

The  conductivity  reading  of  a  massecuite  is  influenced  by  the  presence  of  crystal,  since  the 
crystal  is  essentially  a  non-conductor;  the  volume  occupied  by  the  crystals  causes  a  decrease 
in  the  volume  of  conducting  material  between  the  electrodes.  Thus,  with  an  increasing  crystal 
content  as  the  charge  progresses,  a  constant  conductivity  reading  means  a  lower  supersatura- 
tion coefficient;  on  the  other  hand,  the  decreasing  purity  of  the  mother  liquor  means  a  higher 
concentration  of  electrolytes,  with  some  compensating  effect  on  the  conductivity. 

Instruments.  Conductivity  can  be  measured  by  a  very  simple  instrument;  for  example,  by 
connecting  an  a.c.  supply  (at  30  V  for  normal  raw  sugar  massecuites)  to  the  electrodes,  and 
reading  the  current  by  a  milliammeter.  Provided  the  voltage  is  steady,  this  gives  reliable 
readings.  Mains  frequency  of  50  cycles  is  satisfactory,  though  higher-frequency  supply  would 
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give  greater  accuracy.  The  British  "Cukomcter'"  (Fig.  33.21)  is  a  refinement  of  this  arrange- 
ment, with  a  stabilised  voltage  supply  and  a  choice  of  voltage  over  a  considerable  range,  for 
use  with  different  massecuites.  More  sophisticated  instruments  such  as  the  Kent  Ivlultelec  use 
a  Wheatstone  bridge  and  recording  potentiometer,  and  give  a  reading  in  resistance  rather 
than  conductivity;  these  are  extensively  used  to  operate  automatic  control  of  the  syrup  or 
molasses,  thus  controlling  to  a  set  conductivity  (or  resistance)  figure.  Kelso55  has  developed 
a  simple  and  effective  controller,  consisting  of  an  extension  of  the  simple  instrument  reading 
current  in  mA  for  a  given  applied  voltage;  this  instrument,  with  suitable  proportioning  of 
feed  pipes  and  valves,  gives  satisfactory  control  with  a  simple  on-off  method. 


Fig.  33.21.  Cuitometer  (Sumasuco). 


Other  instruments.  Ditmar  Jansse  has  developed  an  instrument  based  on  heat  transfer 
as  an  indication  of  supersaturation.  Since  heat  transfer  depends  mainly  on  the  viscosity  of 
the  massecuite,  this  instrument  also  uses  viscosity  indirectly  as  a  measure  of  supersaturation. 

Refractive  index,  read  by  a  refractometer  specially  designed  for  use  on  the  pan,  was  one 
of  the  earlier  properties  used  to  indicate  supersaturation,  and  has  been  revived  in  recent  years 
to  a  limited  extent.  Since  refractive  index  gives  a  measure  of  concentration,  it  indicates  super- 
saturation  only  if  temperature  is  kept  constant,  and  in  this  respect  it  resembles  the  BPR 
method. 

Importance  of  instruments 

The  use  of  instruments  to  indicate  supersaturation  has  provided  a  scientific  basis  for  control 
of  the  sugar-boiling  process,  in  place  of  the  earlier  "mysterious  art"  of  the  sugar  boiler.  This 
in  turn  has  led  to  a  vast  improvement  in  sugar  quality  (particularly  in  uniformity  of  crystal 
size),  and  in  effective  capacity  of  pans  and  centrifugals;  and  such  improvements  have  resulted 
in  a  substantial  improvement  in  sugar  recovery.  Modern  standards  of  performance  would  in- 
deed be  impossible  without  such  instruments. 

Recent  developments 

In  a  review  of  recent  developments,  Wright60,  comments  that  conductivity  measurements 
are  particularly  suitable  for  control  of  raw  sugar  strikes  with  purities  below  95,  provided  the 


OTHER  FACTORS 


691 


inorganic  ash  level  of  the  raw  material  feed  does  not  fluctuate  rapidly.  Improved  instruments 
for  conductivity  measurement  have  been  developed  and  conductivity  methods  are  generally 
preferred  for  raw  sugar  boilings.  Boiling  point  elevation  methods  are  less  used  because  of 
superheat  interference  with  measurements,  while  consistency  (rheology)  measurements  are 
used  mainly  for  high-purity  boilings. 

Automatic  control  of  boilings,  and  of  pan  stage  operation  in  general,  is  used  to  an  increas- 
ing extent  (see  chapter  46). 
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Grain  size 

The  size  of  the  crystals  should  be  inversely  related  to  the  viscosity  of  the  mother  liquor. 

The  growth  of  the  crystal  takes  place  by  attachment  of  sugar  from  solution  on  the  surface 
of  the  crystal.  Now: 

(7)  The  smaller  the  grain,  the  greater  is  the  total  surface  area  of  the  crystals. 

(2)  The  smaller  the  grain,  the  smaller  is  the  average  distance  to  be  travelled  by  any  molecule 
to  reach  the  surface  of  the  nearest  crystal.  Now,  the  more  viscous  the  massecuite,  the  more 
difficult  it  will  be  for  each  molecule  to  reach  the  immediate  neighbourhood  of  a  crystal.  For 
this  reason  it  is  necessary  to  strive  to  increase  the  crystal  surface,  and  to  decrease  the  average 
distance  between  crystals. 

The  object,  therefore,  will  be  to  boil  C  massecuite  with  the  smallest  grain  size  possible, 
consistent  with  requirements  of  fugalling.  In  Hawaii,  the  general  grain  size  for  C  massecuites 
is  0.2-0.3  mm;  generally,  the  grain  size  is  kept  at  0.3  mm  or  between  0.25  and  0.35  mm, 
and  it  is  not  desirable  to  exceed  0.35  mm. 

For  the  A  and  B  massecuites,  the  grain  size  is  less  important.  For  B  massecuite  it  is  general- 
ly kept  about  0.6  mm,  and  between  0.8  and  1  mm  for  A  sugar. 

The  grain  size  also  depends  on  the  system  of  boiling.  In  general,  the  following  sizes  (mm) 
are  sought  at  the  discharge  of  the  pan: 


Footing  ABC 

CB/CA  system:  0.50-0.60       0.50-0.60  0.30-0.40 

CBA  system:  0.55-0.65      0.40-0.45  0.25-0.30 

Footing  C  and  BA:        0.35  0.70-0.80      0.45-0.50  0.40-0.45 


Brix 

In  the  absence  of  false  grain,  the  purity  of  the  mother  liquor  varies  in  inverse  relationship 
with  the  brix  of  the  massecuite.  Thieme61  has  found,  for  example,  the  relative  variations 
shown  in  Table  33.13. 

It  is  necessary  therefore  to  strive  to  boil  the  massecuites  as  heavy  as  possible,  and  par- 
ticularly so  for  the  final  massecuite.  A  brix  of  96°  is  easily  attained,  sometimes  98°  and  even 
101°  (97-98°refractometric). 

However,  the  "heaving"  or  "tightening"  cannot  be  obtained  when  the  pan  is  already  full 
or  nearly  full.  A  good  sugar  boiler  should  maintain  a  maximum  brix  and  maximum  super- 


692 


SUGAR  BOILING 


Ch.  33 


saturation  (the  cuitometer  allows  this  to  be  done  without  risk),  and  not  wait  until  the  pan 
is  full  to  tighten  up  the  massecuite;  on  the  contrary,  he  should  conduct  the  boiling  in  such 
a  way  that  the  brix  progresses  with  the  filling,  and  that  the  brix  reaches  the  desired  value  at 
the  time  when  the  level  of  the  massecuite  reaches  the  middle  of  the  top  sight  glass. 
The  brix  values  generally  obtained  are: 

Densimetric  brix  Refractometricbrix 

(1:5  dilution) 

A  massecuite:  92-  96  91  -93 

B  massecuite:  94-  97  92-95 

C  massecuite:         97-101  95-97 

Chen62  recommends  a  brix  of  97  for  C  massecuite.  Below  that  figure,  the  purity  of  the 
molasses  increases  by  0.72  per  unit  of  brix  below  97. 

TABLE  33.13 

VARIATION  OF  MOLASSES  PURITY  WITH  BRIX  OF  MASSECUITE 


Brix  of  final  massecuite  Purity  of  mother  liquor 
Densimetric       Refractometric  when  dropped 

97  93  44 

98  94  42 

99  95  40 

100  96  38 


Vacuum.  Caramelisation,  inversion  and  colour  formation  are  proportionally  more  marked 
with  the  higher  temperatures.  It  follows  that,  when  making  white  sugar,  it  will  be  necessary 
to  utilise  a  correspondingly  lower  steam  pressure  and  to  maintain  in  the  pan  a  corresponding- 
ly higher  vacuum  when  a  better  colour  of  sugar  is  required. 

Vacum  is  the  factor  which  has  the  greatest  influence  on  the  massecuite  temperature  in  the 
pan.  Ditmar  Jansse63  considers  that  the  most  favourable  temperatures  for  A  and  B  mas- 
secuites  are  between  65  and  74QC  (150  and  165°F);  colour  formation  and  undesirable  reac- 
tions causing  decomposition  are  then  minimal  and  the  crystallisation  rate  is  satisfactory.  For 
C  massecuites,  the  temperature  will  be  kept  preferably  in  the  neighbourhood  of  the  lower 
limit  (65  °C). 

Crystal  surface.  The  crystal  surface  area  is  given  as  a  function  of  the  length  of  the  crystal, 
measured  under  the  microscope,  by  the  equation64: 

o  00471 

s  =    '  (33.45) 
/ 


s  =  surface  area  of  crystals,  in  m2/g 
/    =  length  of  crystal,  in  mm. 
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This  equation  enables  an  estimate  of  the  crystal  surface  to  be  obtained,  at  a  given  moment 
in  the  strike,  as  a  function  of  the  linear  dimension  of  the  crystal. 

Crystal  content  of  massecuite 

The  fluidity  or  inversely  the  consistency  of  a  tight  massecuite  depends  essentially  on  its  crystal 
content.  This  content  may  be  expressed  in  weight,  either  as  per  cent  of  massecuite  or  per  cent 
of  brix;  in  the  latter  case  it  is  advisable  to  make  the  meaning  clear  by  specifying  "%  on  brix", 
since  these  two  values  are  very  close  together  when  the  brix  is  in  the  neighbourhood  of  100. 

Gillett  and  Kenda65  consider  that  tightening  the  massecuite  scarcely  influences  the  fluidity 
until  the  crystal  content  reaches  43%  by  weight  on  brix,  and  consider  that,  for  most  factories 
in  Hawaii,  the  optimal  concentration  of  the  C  massecuites  should  be  between  45  and  48% 
on  brix.  They  consider  that  a  difference  of  1%  around  this  optimum,  assumed  determined 
accurately  (e.g.  47%),  leads  to  an  increase  of  1.3 -1.4  in  the  purity  of  the  molasses. 

Honig66  considers  that  the  crystal  content  of  massecuite  generally  remains  in  the 
neighbourhood  of  30-36%  in  C  massecuites  at  the  moment  of  dropping.  This  content  ob- 
viously  increases  in  the  crystalliser  and  reaches  40  —  45%  as  a  final  figure.  Payne  considers 
that  a  good  compromise  corresponds  to  35  — 40%  and  that  45%  is  a  maximum,  the  viscosity 
becoming  absolutely  prohibitive  above  that  value. 

In  Autralia,  for  A  massecuites,  the  crystal  content  is  maintained  in  the  neighbourhood  of 
35-40%  during  the  strike,  and  increased  quickly  to  about  50%  before  dropping.  It  is  con- 
sidered that,  during  the  strike,  a  crystal  content  of  50%  is  excessive  and  conducive  to  false 
grain68.  30-  35%  is  considered  as  a  light  massecuite,  40-50%  as  a  tight  one. 

Kelly69  has  shown  that  the  viscosity  increases  sharply  when  the  crystal  content  reaches 
44%,  a  value  at  which  the  crystals  can  no  longer  move  independently,  and  that  at  48%  the 
massecuite  would  completely  lose  fluidity.  It  is  thus  necessary  to  keep  a  practical  value  of 
40-45%. 

Bauserman7  recalls  that  the  void  volume,  between  sugar  crystals  in  random  arrangement, 
represents  about  75%  of  the  true  crystal  volume.  He  considers  that  a  massecuite  containing 
46%  of  crystals  by  volume  is  still  of  a  practical  consistency.  This  would  have  therefore: 

Crystal  volume:  46% 
Volume  of  voids  between  crystals:      46  x  0.75  =  34% 

Apparent  volume  of  crystals:  80% 
Surplus  liquid  for  centrifuging:         100  -  80     =  20% 

and  he  considers  that  it  is  found  in  practice  that  an  optimal  massecuite  is  one  having  a  surplus 
of  20%  when  supplied  to  the  centrifugals,  or  as  measured  in  Gillett's  laboratory  apparatus, 
which  is  a  very  useful  aid  to  correct  practice  in  sugar  boiling.  He  accordingly  recommends 
a  massecuite  of  46%  crystal  before  centrifuging. 

In  Mauritius,  Lamusse  and  Wiehe71  reckon  crystal  contents  as  percentage  on  brix  of  the 
order  of: 
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As  dropped  Leaving  crystalliser 

A  massecuite:  40-60%,  average  48%  45-65%,  average  56% 
B  massecuite:  30-45%,  average  36%  35-50%,  average  42% 
C  massecuite:     25 -40%,  average  32%      30-45%,  average  37% 

or  about  116  leaving  the  crystalliser  for  100  leaving  the  pan. 

Calculation  of  crystal  content  of  massecuite.  The  crystal  content  is  readily  determined  in 
the  laboratory.  It  may  also  be  calculated  in  the  following  manner.  Let: 

Bm    =  weight  of  solids  %  massecuite  Bs    =  weight  of  solids  %  mother  liquor 

Sm    =  weight  of  sugar  %  massecuite  Se    =  weight  of  sugar  %  mother  liquor 

Sm  s. 
Pf    =  purity  of  massecuite  =  — ^  x  100         P     -  purity  of  mother  liquor  =  —  x  100 

B  B 

m  e 

x     =  %  crystal  on  massecuite  Ps    =  purity  of  sugar. 

We  have  (cf.  p.  839): 

x      P  (P   -  P) 

5,  ~  P  (Pk      P  ) 


Hence: 

B  P   -  P 

x  =  p —  I  (33.46) 

5  100  P  -  P 

s  ? 

This  is  the  same  expression  as  the  S.J.M.  formula. 

If  it  is  assumed  that  the  crystals  consist  of  pure  sucrose  (P  =  100)  and  if  the  crystal  con- 
tent is  required  not  as  %  massecuite  but  as  %  on  brix,  say  Xo,  we  will  have: 

which  could  be  calculated  even  more  conveniently  by  writing  that,  %  brix  of  mother  liquor, 
the  purity  of  the  massecuite  is  equal  to  the  sucrose  content  of  the  molasses  plus  that  of  the 
crystals,  divided  by  the  total  solids: 

P  +  xo  Pm  P, 

P  ^  hende:  Xo  =   m~- 

100  +  xo  100  -  Pe 

Inversion  losses 

Experiments  by  King  and  Jison72  have  shown  that  inversion  losses  were  very  low  at  50  -  60°C 
(122-  140°F),  became  perceptible  at  70°  C  and  considerable  above  80°C  (176°F).  These  tests 
were  made  with  A  molasses  of  54  apparent  purity  and  6.0  pH. 
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Cleaning  vacuum  pans 

Vacuum  pans  accumulate  much  less  incrustation  than  do  evaporators.  Many  factories 
operate  for  a  whole  season  without  cleaning  the  pans.  However,  an  excellent  practice  in  cer- 
tain countries  is  to  boil  out  the  pans  with  water  for  a  quarter  of  an  hour  at  the  end  and  at 
the  middle  of  the  week,  and  so  maintain  them  in  a  very  high  state  of  cleanliness73. 

Disposition  of  C  sugar 

The  sugar  obtained  from  the  low-grade  centrifugals  handling  the  C  massecuite  is  generally 
brown,  pasty  and  impregnated  with  molasses,  since  the  last  strike  is  not  washed.  It  cannot 
be  sold  in  this  state.  We  have  therefore  the  choice  of  two  ways  of  using  it: 

(1)  Remelting.  Firstly  the  sugar  may  be  remelted.  For  this  purpose  some  clarified  juice  is 
pumped  to  the  mixer  which  receives  the  C  sugar  below  the  centrifugals.  This  mixture  may 
then  be  taken  by  means  of  a  rota  pump  and  sent  to  a  mixing  tank  situated  near  the  effect 
supply  tank,  where  it  is  redissolved  in  clarified  juice.  It  is  thus  sent  back  into  manufacture, 
between  the  clarifiers  and  the  multiple  effect. 

This  method  has  the  disadvantages: 

(a)  Of  placing  an  extra  load  on  the  whole  boiling  house,  by  re-circulating  through  it  in  the 
form  of  solution  sugar  which  had  already  been  crystallised. 

(b)  Of  increasing  the  brix  and  sometimes  decreasing  the  purity  of  the  clarified  juice  enter- 
ing the  evaporator;  and  this  adversely  affects  the  average  heat-transfer  coefficient  in  the 
evaporators. 

(2)  Utilisation  as  footing.  The  best  practice  is  that  devised  by  Spencer74  and  explained  by 
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Solano  and  Villalobos  in  an  excellent  article  which  we  recommend  to  the  reader.  It  consists 
of  using  the  C  sugar  as  grain  or  footing  for  A  and  B  massecuites.  The  procedure  is  thus  as 
follows:  the  C  sugar  is  remixed  in  the  magma  mixer  placed  below  the  C  centrifugals  by  adding 
syrup,  clear  juice,  or  even  water.  The  magma  thus  formed  is  taken  up  by  a  pump  and 
transferred  to  a  crystalliser-  mixer,  preferably  under  vacuum,  situated  on  the  pan  floor;  this 
serves  as  a  storage  vessel  and  also  as  a  means  of  keeping  the  magma  mixed  to  uniform  con- 
sistency. The  A  and  B  footings  are  then  drawn  from  this  mixer. 
This  method  presents  several  advantages: 

(a)  It  eliminates  all  recirculation  at  evaporators  and  pans,  since  the  C  sugar  when  once 
crystallised  is  not  remelted  in  juice.  Hence  the  capacity  of  the  multiple  effect,  the  A  and  B 
pans,  the  B  mixers  and  the  A  and  B  centrifugals,  is  increased. 

(b)  The  C  sugar,  consisting  of  small  crystals,  provides  an  excellent  grain  on  which  to  build 
up  the  A  and  B  massecuites. 

(c)  The  sugar  boilers  handling  A  and  B  massecuites  are  relieved  of  the  delicate  operation 
of  graining.  There  is  less  risk  of  producing  false  grain  or  uneven  grain.  They  start,  on  the 
contrary,  with  a  good  grain,  relatively  uniform.  Hence  an  improvement  in  the  pan  work,  on 
A  and  B  massecuites. 

(d)  The  A  and  B  strikes  are  boiled  more  rapidly,  since  they  commence  after  the  graining 
phase  with  a  grain  already  comparatively  large.  Hence  there  is  a  further  gain  in  capacity  for 
the  A  and  B  pans. 


696 


SUGAR  BOILING 


Ch.  33 


In  this  case  the  C  massecuites  must  be  boiled  more  carefully;  they  must  be  grained  by 
seeding  and  care  must  be  taken  to  obtain  a  good  homogeneous  and  uniform  C  sugar. 

This  "simple  magma  system"  has,  however,  one  disadvantage,  i.e.  it  leads  to  a  commercial 
sugar  of  inferior  refining  qualities,  since  the  C  grain  always  contains  some  impurities  which 
remain  included  in  the  nucleus  of  the  commercial  sugar  crystals  produced  from  it.  Also,  C 
sugar  from  continuous  centrifugals  suffers  breakage  and  does  not  form  good  grain. 

Magma 

The  magma  purity  should  be  watched  carefully:  if  too  low,  of  the  order  of  80,  it  causes  an 
undesirable  return  of  molasses  to  the  process.  On  the  other  hand,  if  a  high  purity  is  obtained 
at  the  expense  of  the  C  sugar  recovery  in  the  centrifugals,  it  is  too  high.  Generally,  a  purity 
about  85  is  a  good  compromise  where  single  purging  is  employed,  or  about  88  with  double 
purging. 

Moreover,  there  need  be  no  objection  to  a  higher  purity,  if  this  purity  is  obtained  without 
washing  the  sugar,  and  if  the  C  massecuite  has  been  boiled  good  and  tight  (i.e.  with  high 
crystal  content).  There  is  good  reason  to  be  well  satisfied  with  a  C  sugar  of  higher  purity, 
and  thus  of  a  higher-purity  magma.  When  circumstances  are  favourable  (low  viscosity  and 
regular  grain),  a  magma  purity  of  90  may  be  attained  or  exceeded.  Stevenson76  in  Australia 
considers  that  the  highest  purity  practically  obtainable  is  92  -  93  (pol/refractometric  brix), 
and  points  out  that  a  high  magma  purity  has  a  favourable  influence  on  sugar  quality  (reduc- 
tion of  ash  content)  and  filterability. 

Proportion  of  crystal  in  the  magma.  When  mixing  magma,  it  is  desirable  to  add  the  quanti- 
ty of  syrup  necessary  to  render  it  sufficiently  fluid  for  pumping,  but  no  more.  This  is  well 
judged  by  eye,  according  to  the  consistency  of  the  magma.  For  calculation  purposes  the 
quantity  may  be  reckoned  on  about  half  syrup  (or  molasses)  and  half  crystals.  In  other 
words,  the  aim  should  be  to  reconstitute  the  massecuite  which  has  just  been  fugalled  by 
replacing  its  molasses  content  by  syrup,  but  using  the  minimum  quantity  of  syrup  compatible 
with  satisfactory  operation  of  the  magma.  It  is  particularly  advisable  to  arrange  automatic 
addition  of  syrup  or  molasses77. 

TABLE  33.14 


MOLASSES  RECYCLED  AS  A  FUNCTION  OF  C  SUGAR  PURITY 


Purity 
of  C  sugar 

Crystal  % 
sugar 

Mo/asses  % 
.  sugar 

Molasses  % 
crystal 

Molasses  recycled 
%  mass,  at  45%  crystal 

80.1 

66.3 

33.7 

50.9 

0.45x50.9  =22.9 

88.1 

82.5 

17.5 

21.2 

0.45  x  21.2  =  9.5 

92.2 

90.3 

9.7 

10.7 

0.45  x  10.7  =  4.8 

Hessey  and  Manning78  and  Jensen  have  made  some  interesting  comments  on  the  com- 
position of  magma  and  C  sugar.  In  the  Australian  conditions  considered,  the  proportion  of 
molasses  was  related  to  the  purity  of  the  C  sugar  as  shown  in  Table  33.14. 
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By  interpolating  these  values,  and  remembering  that  massecuite  with  45%  of  crystal  ob- 
viously contains  55%  of  molasses  and  that,  for  a  given  massecuite  and  a  given  molasses,  the 
quantity  of  molasses  eliminated  should  be  the  same,  we  obtain  the  figures  of  Table  33.15. 

TABLE  33.15 


MOLASSES  RECYCLED  AS  A  FUNCTION  OF  C  SUGAR  PURITY 


Purity 

Crystal 

Molasses 

Molasses 

Molasses  recycled 

Molasses 

Relative  quant. 

of  C  sugar 

%  sugar 

%  sugar 

%  crystal 

%  mass,  at  45% 

eliminated 

of  C  mass. 

crystal 

%  mass. 

produced 

80 

66.1 

33.9 

51.3 

23.1 

55 

-  23.1  =  21.9 

188 

85 

76.4 

23.6 

30.9 

13.9 

55 

-  13.9  =  41.1 

100 

90 

86.2 

13.8 

16 

7.2 

55 

-  7.2  =47.8 

86 

92 

90 

10 

11.1 

5 

55 

-    5     =  50 

82 

This  table  demonstrates  the  influence  of  C  sugar  purity  (if  the  magma  is  made  with  water) 
or  of  magma  (if  made  with  juice,  syrup  or  molasses)  on  the  quantity  of  C  massecuites.  It 
also  shows  the  importance  of  ensuring  that  the  magma  purity  does  not  descend  below  85. 

Double-magma  process.  The  boiling  system  just  described  was  devised  by  Spencer  and  is 
described  as  the  single-magma  process:  the  C  sugar,  remixed  as  magma,  serves  as  footing  for 
the  A  and  B  massecuites,  fugalling  of  which  furnishes  the  commercial  sugar,  which  is  a  mix- 
ture of  A  and  B  sugars. 

This  concept  may  be  pursued  further  by  operating  the  double-magma  process,  which  has 
developed  logically  from  the  single-magma  system  and  has  been  formerly  described  formally 
by  Carsolio80.  It  consists  of  forming  a  C  magma  by  remixing  the  C  sugar  with  high-grade 
molasses,  syrup,  clear  juice  or  water,  and  using  this  magma  as  footing  for  the  B  massecuites. 
A  B  magma  is  formed  in  the  same  way  by  remixing  the  B  sugar  with  syrup,  juice  or  water, 
and  using  this  magma  as  footing  for  the  A  massecuites.  The  end  result  is  that  the  commercial 
sugar  is  A  sugar  only  (Fig.  33.22);  the  advantages  are: 

(a)  A  better-quality  sugar,  since  it  originates  only  from  A  massecuites. 

(b)  A  minimum  recycling  of  A  and  B  molasses.  This  is  the  great  advantage  of  the  process: 
the  massecuite  viscosities  are  minimal,  the  massecuites  are  freer,  and  there  is  a  favourable 
effect  on  recovery. 

(c)  Reduction  of  graining  to  a  minimum.  Only  C  massecuites  are  seeded  (an  advantage  in 
common  with  the  single-magma  process). 

(d)  In  the  same  way,  some  economy  of  steam.  Since  there  is  no  recycling,  heating  and  boil- 
ing the  same  molasses  twice  is  avoided. 

(e)  There  is  obviously  more  A  massecuite,  and  slightly  increased  capacity  in  pans,  mixers 
and  A  centrifugals  is  required,  but  the  difference  is  of  little  magnitude,  since  the  strikes  build 
up  better  and  more  rapidly  and  are  fugalled  more  readily.  Capacity  of  pans,  mixers  and  B 
centrifugals  is  improved.  We  may  reckon: 

A  massecuite:  127-  153  dmVt.c.  (4.5-5.4  cu.ft./t.c.) 
B  massecuite:  51-  62  dmVt.c.  (1.8-2.2  cu.ft./t.c.) 
C  massecuite:    28-  42  dmVt.c.  (1    -1.5  cu.ft./t.c.) 
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Generally,  there  will  be  an  excess  of  C  and  B  sugars.  The  excess  C  sugar  could  be  remelted 
or  utilised  for  part  of  the  A  massecuites.  The  B  centrifugals  may  be  divided  so  as  to  produce 
only  the  quantity  of  sugar  necessary  for  the  A  footings,  thus  remixing  part  under  the  B  cen- 
trifugals, and  diverting  the  remaining  B  centrifugals  to  the  conveyor,  so  that  this  sugar  is  mix- 
ed with  the  A  sugar  and  goes  out  as  commercial  sugar.  The  first  portion  of  the  B  centrifugals 
would  not  receive  any  washing;  the  second  could  be  washed. 

This  combination  furnishes  an  economic  and  elegant  method  of  operating  the  sugar  boil- 
ing. 

Formation  of  magmas.  The  following  is  a  summary  of  the  CBA  double-magma  process: 
A  massecuite  run  up  with  standard  liquor  (syrup  plus  remelt  of  excess  of  B  and  C  magmas) 
Remelt  of  B  and  C  magmas  carried  out  with  clarified  juice 
B  massecuite  run  up  with  A  molasses  plus  molasses  from  affination  of  C  sugar 
C  massecuite  grained  from  syrup  and  run  up  on  B  molasses 
B  magma  made  up  with  standard  liquor 
C  magma  before  affination  carried  out  with  syrup 
Affined  C  sugar  remixed  with  syrup 
Size  of  crystals:  C  footing,  0.17  mm;  A  sugar,  0.8  mm. 

A  and  B  massecuites.  In  the  single-magma  system,  the  A  and  B  sugars  are  generally  despatch- 
ed for  sale.  For  these  commercial  sugars  the  objective  will  be  a  moderate  grain  size  of  0.7  -  1 
mm.  In  order  to  obtain  a  grain  of  this  size,  starting  from  a  footing  of  C  sugar  of  0.35  mm, 
the  final  volume  of  massecuite  should  be  about  9  times  the  volume  of  magma  made  from 
C  sugar,  which  is  used  as  footing: 

0.35  U~9  =  0.35  X  2.08  =  0.73  mm 

To  achieve  this,  the  following  simple  procedure  may  be  followed.  Assuming  an  A  or  B  pan 
of  30  m3  (1,050  cu.ft.),  the  graining  volume  of  which  is  10  m3  (350  cu.ft.): 

(a)  Take  from  the  magma  mixer  (see  above,  "utilisation  as  footing")  a  footing  of  10  m3 

(b)  Build  up  this  footing  to  30  m3  with  syrup 

(c)  Transfer  20  m3  of  the  massecuite  obtained  to  a  seed  storage  vessel  for  A  and  B 
massecuites 

(d)  On  the  remaining  10  m3  in  the  pan,  boil  an  A  or  B  massecuite 

(e)  In  the  same  way,  utilise  the  two  other  footings  each  of  10  m3  which  have  been  stored 
in  the  seed  vessel,  either  in  the  pan  concerned  or  in  another  pan 

if)  If  there  is  too  much  magma,  remelt  it  and  send  it  to  the  syrup  tanks;  if,  on  the  contrary, 
there  is  not  enough,  decrease  the  initial  grain  size  of  the  C  sugar,  and  increase  the  quantity 
cut  over  to  the  seed  vessel. 

Graining  on  molasses 

We  have  seen  ("Concentration",  p.  681)  that  graining  can  be  done  either  on  syrup  or  on  a 
mixture  of  syrup  and  an  appropriate  grade  of  molasses.  The  latter  method  has  been  introduc- 
ed by  Webre81  and  consists  of  graining  on  a  mixture  of  syrup  and  molasses  proportioned  to 
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obtain  a  purity  of  70-74;  Honig  and  Alewijn82  suggest  72-78.  In  Queensland,  a  mixture 
of  4  parts  A  molasses  to  1  of  syrup  is  used,  which  in  that  country  corresponds  to  a  purity 
of  70-  75.  The  grain  obtained  is  more  uniform,  conglomerates  do  not  form  at  those  purities, 
and  the  final  purity  drop  is  somewhat  greater,  since  the  strike  commences  from  a  footing  of 
lower  purity. 

Syrup  inlet  to  the  pan.  Previously,  discharge  of  syrup  into  the  pan  was  made  by  a  pipe 
terminating  abruptly  in  the  centre  near  the  bottom.  The  syrup,  with  a  density  of  about  1.30, 
entering  a  massecuite  of  density  about  1.47,  tended  to  rise  in  large  globules  to  the  surface 
where  it  spread  as  a  sheet,  mixing  imperfectly  and  slowly  with  the  massecuite.  To  avoid  this 
disadvantage,  modern  pans  are  provided  with  a  distributing  pipe  in  the  form  of  a  star,  or 
a  ring  pipe  provided  with  several  outlets  or  small  radial  branches. 

Storage  tanks  for  syrups  and  molasses 

The  final  molasses  leaving  the  centrifugals  is  sent  direct  to  the  distillery  or  for  sale  elsewhere. 
The  A  and  B  molasses,  on  the  other  hand,  must  be  collected,  mixed,  and  stored  in  tanks  while 
waiting  to  be  returned  into  the  B  and  C  massecuites. 

Similarly,  a  certain  syrup  storage  is  required  between  the  evaporators  and  pans.  Capacities 
recommended  by  Salinas83  in  Cuba  and  average  figures  reported  for  Puerto  Rico84  are: 


For  syrup: 

For  A  and  B  molasses: 


Puerto  Rico  Cuba 

615  1/t.c.h.  (135  Imp.gal./t.c.h.)  820  (180) 
1,225  1/t.c.h.  (270  Imp.gal./t.c.h.)      1,000  (220) 


Treatment  of  A  and  B  molasses.  The  storage  tanks  for  these  molasses  should  be  provided 
with: 

(1)  Either  a  coil  for  compressed  air,  or  preferably  a  stirrer  such  as  a  ship's  propeller 
15,000 
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Fig.  33.22.  Exhaustion  diagram,  CBA  process. 
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(2)  A  steam  coil,  or  other  means  of  heating. 
This  permits  of: 

(a)  Diluting  these  molasses  by  means  of  hot  water,  which  will  preferably  be  condensate 
from  the  later  vessels  of  the  multiple  effect 

(b)  Dissolving  completely  any  crystals  which  may  be  present  in  the  molasses  and  which  if 
introduced  into  the  pan  would  cause  irregular  grain  size 

(c)  Mixing  thoroughly,  homogenising  and  controlling  the  diluted  material  to  a  very 
uniform  brix  and  temperature,  which  will  assist  and  improve  the  strike. 

As  brix  of  these  diluted  molasses  a  figure  of  70-75°  will  be  adopted,  and  a  temperature 
a  few  degrees  above  that  of  the  massecuite  in  the  pan,  say  75°C  (165°F)  as  a  minimum. 
(Hence  a  mnemonic  for  remembering  easily  the  suitable  values  of  these  two  quantities: 
75/75.)  These  storage  tanks  will  be  furnished  with  an  indicating  thermometer  with  a  large 
dial;  the  tanks  will  be  lagged,  and  also  the  piping  connecting  them  to  the  pans. 

Specific  heat  of  molasses.  The  specific  heat  of  molasses  may  be  obtained  with  somewhat 
better  precision  than  the  simple  formula  (30.1),  by  means  of  the  formula  of  Janovsky  and 
Archangelsky85: 


c    =  specific  heat  of  a  molasses,  in  kcal/kg  (B.T.U./lb.) 
t    =  temperature  of  the  molasses,  in  °C  (°F) 
P  =  true  purity  (sucrose/dry  substance)  of  the  molasses 
M  =  dry  substance  %  in  the  molasses. 

Specific  heat  of  crystal  sugar 

Between  40  and  80°C,  this  is  given  to  a  close  approximation  by  c  =  0.283  (cf.  eqn  (36.3)). 
Proportions  of  syrup  and  molasses 

The  fabrication  superintendent  has  continually  to  solve  the  following  problem: 

Problem.  It  is  desired  to  obtain  a  massecuite  of  purity  Pm  by  means  of  a  footing  (syrup 
or  massecuite)  of  purity  P  and  a  returned  molasses  of  purity  P .  What  are  the  respective 
proportions  of  syrup  and  molasses  to  use? 

Solution.  Let: 

Q  =  weight  of  syrup  required 

Qe  =  weight  of  molasses  required 

Qm  =  weight  of  massecuite  obtained 

B$  =  weight  of  dry  substance  %  of  syrup 

Be  =  weight  of  dry  substance  %  of  molasses 

B  =  weight  of  dry  substance  %  of  massecuite. 


c  =  1  -  [0.6  -  0.0018 1  +  0.0008  (100  -  P)] 


M 


(33.48) 


100 


(c  =  1   -  [0.6  -  0.001  (t  -  32)  +  0.0008  (100 
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Equating  the  quantities  of  dry  substance  (d.s.)  and  of  sugar  contained  in  the  syrup  and 
in  molasses  to  the  quantities  in  the  massecuite: 

QB  +  QB  =  Q  B 
QBP  +  QBP  =  Q^BP 

Eliminating  QeBe  between  these  two  equations,  we  have: 

QBP+(QB    -  QB)P=QBP 


(33.49) 


where  the  first  member  represents  the  d.s.  of  the  syrup  %  of  the  d.s.  of  the  massecuite. 
Hence: 

Q  D       p  p 

=  jsl.  _«  i  (33.50) 

O       a     r  -  p 

where  the  first  term  represents  the  weight  of  syrup  %  of  weight  of  massecuite. 
By  volume,  we  shall  have: 


In  the  same  way,  we  have: 


V 


d  B 

m  m 

d  B 

s  s 


fp  -  PJ 
(P  -  P) 


(33.51) 


V      B  d 

c  mm 


(P    -  PJ 

Be  4     Z(P  -  PJ 


(33.52) 


V  =  volume  of  syrup 

V  =  volume  of  molasses 

e 

V  -  volume  of  massecuite 

m 

ds   =  density  of  syrup 
d    =  density  of  molasses 
dm  =  density  of  massecuite 
Equations  (33.51)  and  (33.52)  give: 


V  Bd     (P  -  P) 

-J.   •  K-m---^  (33.53) 

V  Bd        y(P      -  PJ 

e  s  ™       v    s  m' 
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We  may  comment  that  the  volumes  given  by  these  last  three  equations  do  not  indicate  the 
level  at  which  feeding  of  the  respective  materials  into  the  pan  is  commenced,  since  the 
materials  become  concentrated  as  the  charge  proceeds.  The  figures  correspond  to  the  true 
volumes  of  each  product  before  introduction  into  the  pan. 

Calculation  of  eqn.  (33.49)  may  be  made  very  rapidly  by  the  following  device.  The  three 
quantities  for  the  data  P,  P  and  Pm  are  placed  in  the  form  of  a  cross  as  shown: 


and  the  differences  are  inserted  in  the  diagonal  directions.  We  thus  have 


and  addition  of  the  two  differences  shown  on  the  right  gives  the  total  (P  -  Pe)  of  the  pro- 
portions sought,  the  proportion  of  syrup  (Pm  —  P)  being  shown  on  the  level  with  P,  and 
below,  on  the  same  line  as  Pe,  the  proportion  of  molasses  {P  —  P  ).  If,  for  example,  we 
have:  P  =  85,  P  =  60,  P    =  80,  we  obtain 

85  .20  | 

"^80  ^  25 
60""""^    ^  5  J 

or  20/25  syrup  and  5/25  of  molasses  (in  terms  of  dry  solids). 

Quantitative  scheme  for  pan  station 

To  demonstrate  the  method  of  calculation  for  the  pan  station  as  a  whole,  we  give  a  very  sim- 
ple example:  the  three-massecuite  system,  CBA.  The  method  of  calculation  and  the  reasoning 
used  apply  to  other,  more  complex  cases  which  may  be  encountered. 
We  assume  a  factory  crushing  100  t.c.h:,  in  the  following  conditions: 


Brix 

Purity 

Clarified  juice: 

15 

87 

Syrup: 

68 

87 

Molasses: 

85 

36 

Commercial  sugar: 

99.2 

99 

B  sugar: 

96 

92 

C  sugar: 

94 

85 
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Massecuites 


A 

ts 

Brix 

93 

94 

97 

Purity 

88 

58 

Purity  drop 

19 

20 

22 

Purity  of  molasses 

69 

36 

Litres  per  t.c.h. 

140 

58 

37 

We  assume  the  conditions  for  the  A  and  C  massecuites,  but  not  those  for  the  B,  which 
if  assumed  may  be  incompatible  with  the  others.  To  proceed  to  the  calculation  commencing 
from  the  syrup  and  the  molasses;  from  the  molasses  we  pass  to  the  C  massecuite  and  its 
footing,  then  to  the  C  magma,  and  revert  to  the  A  massecuite.  We  then  assume  a  probable 
purity  for  the  B  massecuite,  and  repeat  the  calculation,  modifying  the  figure  if  this  leads  to 
a  quantity  or  purity  drop  which  is  abnormal.  Undetermined  losses  in  the  manufacture  are 
neglected. 

The  whole  calculation  is  made  in  terms  of  dry  substance.  We  do  not  pass  to  normal  quan- 
tities by  means  of  brix  until  the  table  is  complete  and  satisfactory.  We  calculate  previously 
the  quantities  of  dry  substance  in  massecuite,  including  B  massecuite,  to  ensure  that  it  will 
be  approximately  normal. 

The  calculation  is  made  with  the  aid  of  the  Cobenze  diagram  (p.  702),  to  resolve  the  pro- 
blems of  mixtures  and  proportions. 

Mixtures.  If  we  take  two  products  A  and  B  of  respective  purities  P  and p,  and  mix  qA  of 
A  and  1   -  qA  of  B,  the  purity  Pm  of  the  mixture  is  given  by: 


or: 

QaP  +  (1  "  Qa*P  =  1  X  Pm         and:  (1  -  qB)  P  +  qBp  =  1  x  Pm 

Massecuite  dry  substance.  The  following  are  the  normal  values  which  we  aim  to  maintain 
approximately: 

C  massecuite:  37  1/t.c.h.  =  37  x  1.47  or  54.4  kg/t.c.h.  =  54.4  x  0.97  =  52.8  kg  d.s. /t.c.h. 
B  massecuite:  57  1/t.c.h.  =  57  x  1.47  or  85.3  kg/t.c.h.  =  85.3  x  0.94  =  80.1  kg  d.s. /t.c.h. 
A  massecuite:  140  1/t.c.h.  =  140  x  1.47  or  205.8  kg/t.c.h.  =  205.8  x  0.93  =  191.4  kg  d.s. /t.c.h. 

Sugar  and  molasses.  The  syrup  contains:  100,000  x  0.15  =  15,000  kg  of  d.s.,  which  gives 
(eqn.  (39.4))  (Fig.  33.22): 

15,000  x  — — l-  =  15,000  X  0.807  =  12,140  kg  of  d.s.  in  sugar 
yy  -  id 
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and: 

15,000  x  0.193  =  2,860  kg  of  d.s.  in  the  molasses 
C  massecuite.  Quantity  of  d.s.  in  C  sugar: 

85  22        C  sugar 

36  H  molasses 


2,860  x  ||  =  2,330  kg/h 


Total  d.s.  in  C  massecuite: 


2,860  X  %  =  5,190  kg/h 
Composition  of  C  massecuite.  Dry  substance  in  C  footing: 

69  -.  ^  „.  4        A  molasses 

54  {4         B  molasses 

5,190  xf5=  1,384 kg/h 

Dry  substance  in  B  molasses: 

5,190  x  \i  =  3,806  kg/h 
/4  massecuite.  Dry  substance  in  A  molasses: 

99-.  19  A  sugar 

69  $         A  molasses 

12,140  x  H  =  7,028  kg/h 
Remaining  in  A  molasses  after  taking  for  C  footing: 

7,028  -  1,384  =  5,644  kg/h 
Total  quantity  of  B  massecuite: 

2,330  +  5,644  =  7,974  kg/h 
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We  now  check  that  2,330  is  an  acceptable  proportion  for  footing: 

2,330  =  29%  of  7,974 

which  is  acceptable. 

C  magma.  The  magmas  are  mixed  with  water  in  order  to  retain  their  purity  and  to  simplify 
operations.  There  is  thus  2,330  kg/h  of  d.s.  which  serves  to  go  to  the  B  massecuites. 

Purity  of  the  B  massecuites.  This  will  be: 


5,644  x  69  +  2,330  x  85 
b  ~  ~  7,974      ~ ~  ~~ 


B  molasses.  We  should  find: 

91.7  19.7  B  sugar 

^  73.7 

54  ^  B  molasses 

7,974  x  3-£  =  3,807  kg/h  d.s. 

All  is  correct.  B  sugar: 

7,974  x  £Z  =  4,167  kg/h  d.s. 
A  massecuite.  Dry  substance  in  the  commercial  sugar: 

4,167  +  15,000  =  19,167  kg/h 

and  we  check  that: 

19,167  x  £  =  12,139  kg/h  d.s. 
The  true  quantity  of  commercial  sugar  is: 

12'I40  =  12,238  kg/h 
0.992 

and  the  molasses: 
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Calculations  for  the  boiling  house 

Throughout  the  whole  boiling-house  process,  and  particularly  for  sugar  boiling  and  fugall- 
ing,  it  is  very  interesting  and  practical  to  relate  the  calculations  to  unit  of  non-sugar.  In  ef- 
fect, water  is  evaporated  and  sugar  withdrawn,  all  the  way  from  syrup  to  final  molasses. 
Calculations  thus  cannot  be  based  on  the  weight  of  either  brix  or  sucrose,  or  on  purities.  The 
non-sugar,  on  the  contrary,  is  theoretically  constant  and  does  not  vary  from  beginning  to  end 
of  the  process.  The  non-sugar  entering  with  the  syrup  should  be  recovered  in  the  final 
molasses,  apart  from  the  small  proportion  left  in  the  commercial  sugar,  and  in  the  absence 
of  accidental  losses  of  material  in  the  course  of  the  process. 

Assuming,  for  example,  a  B  syrup  of  purity  42  and  a  final  molasses  of  purity  35,  a  recovery 
as  crystal  from  this  B  molasses  in  the  course  of  the  C  strike  will  be: 


42  35 


=  25.7% 


Fig.  33.23.  Pan  with  mechanical  circulation  (Fletcher  &  Stewart). 
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In  the  same  way,  an  expression  for  the  exhaustion  process  may  be  advantageously 
calculated  in  terms  of  units  of  non-sugar.  The  true  quantities  are  readily  obtained  with  the 
aid  of  the  purity  figure,  by  relating  the  non-sugar  to  the  total  product  (i.e.  sugar  +  non-sugar 
+  water).  The  calculations  are  thus  simplified. 


PANS  WITH  MECHANICAL  CIRCULATION 


Mechanical  circulation  has  found  in  America  an  ardent  promoter  and  supporter  in  A.L. 
Webre;  it  becomes  increasingly  popular. 

Pans  with  mechanical  circulation  are  operated  as  for  other  pans.  However,  they  present 
some  important  differences  compared  with  the  latter.  (Fig.  33.23). 

(a)  Speed  of  circulation.  Webre86  designs  his  circulators  for  a  velocity  of  massecuite  in  the 
tubes  of  45  cm/s  (18  in./s),  which  allows  only  about  3  s  for  contact  with  the  heating  surface, 
reducing  substantially  the  maximum  temperature.  Actually,  however,  the  velocity  given  to 
the  massecuite  is  far  from  attaining  that  value.  It  has  been  measured87  and  found  to  vary 
from  20  cm/s  (8  in./s)  at  the  beginning  of  the  strike  to  5-  10  cm/s  (2-4  in./s)  at  the  end 
of  the  heavying-up  in  the  case  of  the  C  massecuite.  The  latter  values  are  nevertheless  much 
superior  to  those  obtained  with  natural  circulation  (cf.  p.  661). 

(b)  Evaporation  coefficients.  Evaporation  coefficients  found  by  Webre  for  natural  cir- 
culapans  have  already  been  given  (p.  663).  Completing  the  table,  we  recall  these  values  below 
and  add  those  found  by  the  same  author  in  the  same  series  of  experiments  on  the  same 
massecuite  (B)  and  at  the  same  purity  (72): 

Heat-transfer  coefficient,  Evaporation  coefficient,  in  kg/m2/h 

in  kcal/m2/°C/h  (lb. /sq.ft. /h) 

(B.T.U. /sq.ft. /°F/h) 


Start  Finish  Start  Finish  Mean 


Natural  circulation  490  (100)  24  (  5)  34  (6.98)        1.2  (0.25)  11(2.25) 

Mechanical  circulation  550  (113)         193  (40)  35  (7.2  )         12  (2.5)        20  (4.1) 


It  is  seen  that  mechanical  circulation  does  not  alter  performance  greatly  at  the  beginning 
of  the  charge,  but  modifies  it  substantially  at  the  heavying-up  period.  In  this  case,  the 
evaporation  coefficient  at  the  end  was  ten  times  greater  for  mechanical  circulation,  but  in 
general  Webre  reckons  only  six  times  greater. 

(c)  Duration  of  strike.  It  follows  that  the  duration  of  the  strike  is  substantially  reduced. 
Webre88  reckons  a  saving  in  time  of: 


A  massecuites:  15  -  20%  hence  duration  80  -  85%  of  previous 
B  massecuites:  25-30%  hence  duration  70-75%  of  previous 
C  massecuites:  40  -  50%      hence  duration  50  -  60%  of  previous 


708 


SUGAR  BOILING 


Ch.  33 


(d)  Steam  pressure.  In  the  same  way,  low-pressure  vapour  may  readily  be  used,  for  exam- 
ple, vapour  bled  from  the  second  effect. 

(e)  Height  of  massecuite.  Finally,  the  height  of  the  massecuite  above  the  calandria  may  be 
pushed  considerably  above  what  is  reasonable  with  natural  circulation.  A  height  of  2  or  even 
2.4  m  (7  or  8  ft.)  may  readily  be  attained  without  difficulty.  Hence  a  gain  in  capacity  and 
a  decrease  in  graining  volume. 

In  short,  mechanical  circulation  permits  the  use  of  bled  vapours  at  low  pressure,  and  con- 
sequently economy  in  fuel,  while  improving  the  quality  of  the  sugar,  the  purity  drop,  and 
consequently  the  yield.  It  is  in  C  massecuites  that  it  gives  the  greatest  improvement. 

(f)  Power  consumption.  The  power  consumed  by  the  circulator  increases  very  rapidly  as 
the  massecuite  is  tightened  up  near  the  end  of  the  strike. 

Spengler  and  Horn89  have  measured  the  power  necessary  to  circulate  the  massecuite  in  a 
small  pan.  Table.  33.16  gives  the  results  obtained,  as  a  function  of  the  temperature  and  the 
crystal  content90.  The  figures  in  the  table  correspond  to  the  power  consumed  in  watts. 

TABLE  33.16 

POWER  ABSORBED  BY  MECHANICAL  CIRCULATION,  IN  Watts 

Temperature,  in  °C  (°F) 

Crystal  %   


massecuite 

30  (86) 

40  (104) 

60  (140) 

70  (158) 

80°  (176°) 

0 

83.8 

82.5 

81.5 

80.5 

80.0 

5 

86.8 

85.5 

84.5 

83.5 

82.3 

10 

88.8 

87 

86 

85 

84.1 

15 

90.6 

88 

86.5 

85.6 

84.3 

20 

91 

88.5 

87.5 

86 

85 

25 

93 

89 

88.5 

87.1 

86 

30 

95 

90 

89 

88 

86.2 

35 

100.8 

92.6 

92 

91 

88.3 

40 

106.9 

100 

98.5 

94.2 

92.7 

45 

125 

119 

107.5 

102.3 

97.6 

50 

204 

183.3 

142 

126 

106.6 

55 

335 

300 

250 

190 

129.1 

For  a  pan  of  250  hi  (880  cu.ft.),  Duus91  gives  an  average  power  of  22.5  kW  (30  h.p.),  with 
a  peak  at  the  end  of  the  charge  of  45  -  48  kW  (60  -  65  h.p.)-  Webre92  estimates  55  -  75  kW 
(75-  100  h.p.)  for  the  peak  power  required  by  a  pan  of  standard  type  4.25  m  (14  ft.)  in 
diameter  (approximately  400  hi  (1,400  cu.ft.)). 

Approximately,  we  may  estimate: 

Nominal  power  to  be  installed:  2.3  kW/m3  (0.087  h.p. /cu.ft.)  of  working  capacity 
Peak  power  consumption:  1.9  kW/m3  (0.07  h.p. /cu.ft.)  of  working  capacity 
Average  power  consumption:     1.0  kW/m3  (0.04   h.p. /cu.ft.)  of  working  capacity 

The  efficiency  of  the  stirrer  is  very  low,  of  the  order  of  7%.  It  has  been  found  in 
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Australia93  that  a  circulator  of  semi-axial  and  semi-radial  flow  gave  a  much  better  efficiency, 
of  the  order  of  11%.  For  an  impeller  of  the  Webre  type,  the  position  giving  the  best  result 
corresponded  to  the  bottom  of  the  centre  well,  with  the  impeller  having  40%  of  its  thickness 
(i.e.  its  height)  in  the  interior  of  the  downtake  and  60%  below  the  lower  tube  plate.  The  cir- 
culation remains  good94  as  long  as  the  fraction  of  the  height  of  the  impeller  situated  within 
the  downtake  is  between  100%  (bottom  of  the  impeller  flush  with  the  tube  plate)  and  35%. 
The  optimal  diameter  of  the  impeller  is  0.94D(D  =  inside  diameter  of  downtake).  Its  pitch 
should  be  1.5A  and  its  horizontal  projection  should  cover  4  sections  of  60°  in  the  case  of 
a  4-blade  impeller  or  2  sections  of  90°  in  the  case  of  2  blades. 

The  angle  of  attack  of  the  blades  is  generally  37°.  It  is  advantageous  if  the  bottom  of  the 
pan  has  a  central  conical  section,  as  shown  in  Fig.  33.9.  This  assists  in  directing  the  flow  of 
the  massecuite  towards  the  outer  walls  of  the  calandria. 

On  account  of  the  large  increase  in  power  consumption  as  the  tightening  up  of  the  masse- 
cuite proceeds,  it  is  of  advantage  to  have  2-speed  agitators.  The  higher  speed  is  then  used 
at  the  start  of  the  strike,  and  the  low  speed  from  the  time  when  the  massecuite  level  reaches 
about  three-quarters  of  the  working  capacity.  In  this  way,  excessive  power  consumption  is 
avoided,  while  still  realising,  at  any  period  of  the  strike,  a  circulation  very  superior  to  what 
would  be  obtained  with  natural  circulation,  which  indeed  is  practically  nothing  at  the  finish. 

Jenkins95  considers  that  it  would  be  necessary  to  reduce  the  speed  to  30%  below  the  maxi- 
mum. 

The  2-speed  drive  may  be  realised  by  a  motor  with  two  sets  of  windings,  or  by  a  2-speed 
gearbox,  but  the  latter  solution  is  expensive. 

Webre96  recommends  stopping  the  circulator  at  the  moment  steam  is  shut  off,  as  the  power 
load  on  the  motor  increases  abruptly  when  boiling  ceases. 

(g)  Speed  of  the  circulator.  The  circulator  located  in  the  centre  well  takes  up  a  large  propor- 
tion of  its  cross-section.  If  it  is  not  to  obstruct  the  circulation  more  than  it  assists  it,  it  is  ne- 
cessary that  it  should  rotate  at  a  certain  minimum  speed. 

Webre97  has  adopted  the  following  speeds  for  circulators  of  1.2  m  (4  ft.)  diameter  in  pans 
of  3.65  m  (12  ft.)  diameter: 

For  footings,  A  and  B  massecuites:  80  r.p.m. 
C  massecuites  of  brix  up  to  97:  60  r.p.m. 

C  massecuites  of  brix  greater  than  97:  50  r.p.m. 

Venton98  considers  that  it  would  be  of  advantage  to  retain  a  speed  of  about  50  r.p.m.  for 
all  heavy  massecuites. 

The  impeller  may  have  a  large  central  hub  (Fig.  33.23)  or  a  narrow  hub.  It  may  be  a  ship's 
propellor  with  3  blades,  and  in  this  case  it  is  advantageous  to  fix  on  the  wall  of  the  downtake 
4  vertical  plates  arranged  radially,  of  radial  width  about  20%  of  the  radius  of  the  downtake, 
with  the  object  of  guiding  the  descent  of  the  massecuite  vertically  and  avoiding  horizontal 
turbulence  (Fig.  33.24).  The  impeller  may  also  be  formed  of  blades  fixed  on  a  conical  boss 
with  an  apical  angle  of  about  26°,  the  blades  being  almost  normal  to  the  cone99. 

The  peripheral  speed  at  the  extremity  of  the  blades  is  generally  between  5  and  7.5  m/s 
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(16  —  25  ft./s,  more  often  about  6.5  m/s  for  massecuite  of  very  high  purity,  or  between  3.5 
and  5  m/s  (11-16  ft./s)  for  low-grade  massecuite.  A  ship's  propellor  with  a  large  boss  con- 
sumes less  power  than  one  with  a  narrow  hub. 

In  pans  with  mechanical  circulation,  a  shorter  tube  length  is  generally  adopted  than  for 
pans  without  agitator49,  for  example,  600  -  700  mm  (24  -  28  in.)- 

Advantages  of  mechanical  circulation.  Summarising  and  supplementing  the  advantages  al- 
ready indicated,  Webre  indicates  the  following: 

(a)  Saving  in  time  for  the  strike  (cf.  p.  707) 

(b)  Maximum  temperature  reached  by  the  massecuite  substantially  lower 

(c)  Crystals  better  formed,  more  shapely  and  more  regular 

((/jLess  colour  in  the  sugar  and  reduced  risk  of  sugar  losses  by  local  overheating 


Fig.  33.24.  Calandri;i  for  mechanical  circulation  pan  with  radial  blades. 
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(e)  Possible  ready  application  of  automatic  feed  controlled  by  the  power  consumption  of 
the  motor;  when  power  increases,  the  feed  valve  is  opened;  when  it  decreases,  the  valve  is 
closed 

if)  Possibility  of  feeding  the  pan  with  syrup  and  molasses  only  slightly  undersaturated,  wi- 
thout risk  of  remelting  crystal 

(g)  Less  deposit  on  the  tubes,  due  to  the  abrasion  effect  by  friction  of  the  circulating 
crystals 

(h)  Possibility  of  utilising  a  lower  pressure  of  steam  for  heating. 
The  disadvantage  of  mechanical  circulation  is  the  power  consumption. 

Application.  Pans  with  mechanical  circulation  give  a  marked  improvement  in  the  boiling, 
and  improve  the  quality  of  the  product.  They  permit  a  valuable  gain  in  the  purity  of  molasses 
and  render  possible  work  with  tighter  massecuites.  They  are  thus  strongly  recommended,  par- 
ticularly with  C  massecuites.  It  may  even  be  justifiable  for  a  new  factory  to  equip  all  pans 
with  mechanical  circulators.  The  only  alternative  to  compete  with  this  would  be  equipment 
with  continuous  pans.  A  series  of  pans  offered  by  Fives  Cail  -  Babcock  with  mechanical  agi- 
tators is  identical  with  that  of  their  pans  with  flat  fixed  calandria,  the  only  difference  being 
the  addition  of  the  agitator,  which  can  in  fact  be  installed  without  difficulty  in  their  ordinary 
pans  (Fig.  33.25). 


Fig.  33.25.  Fives  Cail 


-Babcock  pan  with  circulator,  type  CTM. 
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Fig.  33.26.  Boiling  station  with  mechanical  circulation  pans  (B.M.A.) 


CONTINUOUS  VACUUM  PANS 

Continuous  pans  have  appeared  in  the  course  of  the  1 970's.  and  are  expanding  rapidly.  For 
the  same  space  occupied,  they  accomplish  the  same  work  as  ordinary  pans  in  the  same  time. 
They  present  numerous  advantages  in  space  occupied,  cost,  simplicity  and  economy  of  opera- 
tion, and  their  initial  difficulties  have  been  the  only  reason  delaying  their  more  general  use. 
In  the  present  situation,  the  continuous  pan  should  become  general. 

Fives  Cail —  Babcock  continuous  pans 

The  best-known  and  practically  the  only  type  in  wide  use  at  the  moment  is  the  continuous 
pan  of  Fives  Cail -Babcock  (Figs.  33.27  and  33.28). 

The  pan  consists  of  a  cylindrical  body  with  horizontal  axis,  and  with  reinforced  end  plates. 
In  the  lower  half  of  the  pan,  there  is  an  assembly  of  longitudinal  tubes  arranged  in  horizontal 
rows;  the  upper  row  is  flat,  while  the  bottom  rows  are  shaped  to  follow  the  curve  of  the  cylin- 
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drical  body  of  the  pan,  leaving  a  space  at  the  sides  between  the  tubes  and  the  pan  wall  for 
downward  circulation  of  the  massecuite.  The  tubes  are  free  and  not  surrounded  by  any  metal 
sheets.  Being  disposed  in  a  rectangular  pattern  and  not  staggered,  they  are  in  vertical  rows 
also,  thus  facilitating  the  ascending  circulation  in  the  interior  of  the  tube  assembly. 

The  tubes  are  of  35  x  38  mm,  and  this  exterior  diameter  permits  general  standardisation 
of  tube  sizes  throughout  the  factory.  They  may  also  be  of  27  x  30  mm.  The  thickness  is  1.5 
mm.  They  are  fixed  at  the  ends  by  expansion  joints  to  allow  for  expansion. 

Vertical  baffles  divide  the  pan  into  a  number  of  compartments,  which  may  vary  between 
10  and  16,  but  will  be  standardised  at  13.  These  compartments  communicate  with  each  other 
by  an  opening  located  at  the  base  of  the  partitions.  The  first  compartment  occupies  the  full 
width  of  the  pan;  it  delivers  on  the  left  into  the  second  compartment  which,  with  the  third, 
occupies  the  space  between  the  first  and  second  transverse  partitions;  the  second  delivers 
across  the  vessel  into  the  third,  which  delivers  longitudinally  on  the  right  into  number  4,  and 
so  on;  the  intermediate  compartments  are  in  pairs  across  the  pan. 

In  the  beet  sugar  industry  there  are  pans  carrying  out  all  the  sugar-boiling  operations,  in- 
cluding seeding  and  graining.  With  cane  sugar,  assuming  that  the  CBA  or  CB/CA  systems 
are  followed,  the  footing  for  a  C  massecuite  is  formed  in  an  ordinary  pan  and  the  continuous 
pan  is  fed  with  this  footing;  with  A  and  B  strikes,  the  continuous  pan  is  fed  directly  with 
the  magma  which  is  fed  into  the  first  compartment. 


Fig.  33.27.  Continuous  pan  (Fives  Cail-Babcock) 
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Controls.  For  the  three-massecuite  system,  continuous  pans  are  equipped  with  four 
systems  of  control  designed  to  maintain  at  a  constant  level: 

(a)  Steam  pressure  in  the  tubes 

(b)  Vacuum  in  the  pan 

(c)  Pressure  of  agitating  steam 

(d)  Massecuite  level  in  the  pan. 

In  addition,  Fives  Cail-Babcock  supply: 

(7)  For  A  and  B  massecuites:  (d)  a  control  adjusting  the  flow  of  syrup  or  molasses  Q  admit- 
ted into  the  later  compartments  as  a  function  of  the  density  of  the  massecuite  delivered;  (b) 
a  control  maintaining  an  input  of  syrup  or  molasses  into  the  early  compartments  proportio- 
nal to  Q. 

(2)  For  C  massecuites:  the  compartments  are  separated  into  three  groups  each  having  its 
equipment  for  regulating  the  temperature  or  the  conductivity  of  the  massecuite  controlling 
the  feed  of  molasses  into  the  preceeding  compartments. 

A  flowmeter  registers  the  total  feed  of  syrup  or  molasses  introduced  into  the  pan. 

The  incondensable  gases  from  the  steam  are  used  to  supplement  the  mixing  and  agitation 
produced  by  the  boiling  in  the  pan,  by  injecting  the  gases  along  the  lower  portion  of  the  pan, 
thus  serving  to  homogenise  the  mass  and  prevent  stagnation  of  the  bottom  layer.  The  desig- 
ner states  that  this  supplementary  agitation  avoids  formation  of  false  grain  and  contributes 
to  production  of  a  regular  crystal.  The  incondensable  gases  are  evacuated  with  the  vapour 
from  the  massecuite  from  the  top  of  the  pan.  This  agitation  is  thus  necessary.  Moreover,  with 
cane,  it  is  necessary  that  the  pan  should  be  lagged;  this  contributes  to  avoiding  deposit  of 
crystal  on  the  walls  of  the  pan.  With  the  same  object,  a  heating  jacket  or  double  enclosure 
may  be  provided  and  supplied  with  steam  at  very  low  pressure.  In  equipment  for  massecuites 
of  very  high  purity,  the  formation  of  such  deposits  is  also  prevented  by  means  of  small  swing- 
ing nozzles  which  have  received  the  nickname  of  "whirling  dervishes". 

Range  of  sizes.  Fives  Cail  -  Babcock  make  these  pans  in  four  diameters  D  with  four  or  six 
different  lengths  L  available,  giving  13  different  capacities  V.  In  the  medium  sizes,  a  choice 
is  offered  between  short  and  long  models.  All  pans  have  a  ratio  S/Vof  10  m2/m3  (3 
sq.ft./cu.ft.).  Table  33.17  gives  the  pan  dimensions  and  in  each  case  the  volume  V  of 
massecuite  which  can  be  treated  per  hour,  also  the  capacity  A  in  t.c.h.  of  the  factory  which  this 
equipment  should  serve  according  to  which  massecuite  (A,  B  and  C)  it  will  be  required  to  han- 
dle. 

Other  continuous  pans 

A  pan  very  similar  to  the  Fives  Cail  -  Babcock  was  installed  at  Mossman  in  Australia  in 
1976.  It  has  been  the  object  of  numerous  studies  by  Broadfoot  and  Wright100,  after  which 
they  have  made  the  following  recommendations: 

(a)  To  limit  possible  entrainment,  they  consider  the  volume  of  vapour  space  above  the 
massecuite  level  should  represent  80  -  86%  of  the  massecuite  volume  in  the  pan. 

(b)  The  magma  introduced  in  a  C  pan  should  have  at  least  20%  of  crystal,  and  the  growth 
of  crystals  should  go  from  0.18  mm  at  entry  to  0.30  at  the  exit,  for  a  ratio  weight  of 
massecuite  to  weight  of  magma  of  approximately  3.5-4. 
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(c)  The  coefficient  of  variation  of  crystal  should  range  from  0.25  in  the  magma  to  0.30 
for  the  final  massecuite. 

(d)  They  suggest  that  the  successive  capacities  of  the  compartments  of  a  pan  of  120  m-  of 
7  compartments  should  be:  6,  10,  16,  20,  20,  24  and  24  m-  (or  5,  8,  13,  17,  17,  20  and  20%, 
respectively). 

TABLE  33.17 


SERIES  OF  CONTINUOUS  PANS  (FIVES  CaII  -  BABCOCK) 


Cap. 

Diam 

Length 

Diam. 

Length 

Massecuite  A 

Massecuite  B 

Massecuite  C 

V 

D 

L 

D 

L 

V 

A 

V 

A 

V 

A 

(m) 

(m) 

(m) 

(in  7hf 

(t.c.h.) 

(t.c.h.) 

(t.c.h.) 

16 

3.1 

3.715 

8.1 

60 

6.4 

85 

3.2 

70 

19 

3.1 

4.455 

9.5 

70 

7.5 

IOC 

3.8 

85 

2.2 

..53.1 

5.13; 

11.5 

85 

9 

120 

4.5 

KM 

27 

3.1 

5.935 

3.5 

5. 195 

13.5 

IOC 

10.9 

145 

5.4 

120 

32 

3.1 

7.415 

3.5 

5.935 

16.2 

120 

12.8 

170 

6.3 

140 

38 

3.1 

8.900 

3.5 

7.415 

18.9 

14C 

15 

200 

7.6 

170 

45 

3.5 

8.900 

4.0 

5.935 

22.3 

165 

18 

240 

9 

200 

54 

3.5 

10.385 

4.0 

7.415 

27 

200 

21.8 

290 

10.8 

240 

64 

3.5 

11.870 

4.0 

8.900 

32 .4 

240 

25.5 

340 

12.6 

280 

76 

4.0 

10.385 

4.6 

7.415 

37.8 

280 

30.4 

405 

15.3 

340 

90 

4.0 

11.870 

4.6 

8.900 

42.6 

330 

36 

480 

18 

400 

104 

4.6 

10.385 

5". .? 

380 

41.6 

555 

20.7 

460 

120 

4.6 

11.870 

59.4 

442 

48 

640 

23.8 

530 

Fig.  33.28.  Continuous  pan  (Fives  Caii- Babcoek) 
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(e)  The  partitions  of  the  equipment  should  be  coated  with  epoxy  resin  to  prevent  the  sugar 
crystals  from  adhering  and  falling  later  into  the  massecuite,  tending  to  block  the  passages. 

(/)  It  is  considered  in  Australia101  that  the  ratio  of  total  area  of  passage  between  the  tubes 
to  the  corresponding  downtake  area  for  massecuite  should  be  less  than  2.5  and  as  low  as 
possible.  We  suggest  approximately  2. 

Advantages 

Continuous  vacuum  pans  are  destined  to  replace  discontinuous  pans  which  are  still  almost 
universal.  They  present  great  advantages: 

(a)  They  can  function  at  very  low  steam  pressures  on  account  of  the  low  height  of 
massecuite  above  the  calandria,  and  the  agitation  of  the  massecuite  below. 

(b)  Steam  consumption  is  uniform,  in  contrast  to  the  high  peak  demands  at  the  start  for 
batch  pans. 

(c)  No  discharge  or  steaming-out  is  involved  as  is  the  case  after  each  batch  boiling,  with 
consequent  dilution  of  material  and  losses  of  heat. 

Total  automation  is  possible,  simplifying  the  operation  of  the  factory. 

(e)  Space  occupied  is  much  less,  first  because  the  useful  volume  of  the  equipment  is  much 
less  for  equal  production  capacity,  and  also  on  account  of  the  gain  in  capacity  due  to  the 
uninterrupted  operation. 

(/)  There  is  economy  in  manpower:  one  man  can  operate  the  whole  of  the  pan  stage. 

(g)  The  number  of  pans  is  reduced:  the  factory  can  operate  with  3  continuous  pans  and 
one  for  graining. 

(h)  Investment  is  lower:  supporting  structures  are  lighter,  the  large  vacuum  pump  for  the 
condenser  is  perhaps  not  required. 

(0  Maintenance  is  reduced. 

(J)  There  is  the  possibility  of  standardising  tubes  with  those  for  other  units  in  the  factory. 
(k)  It  is  possible  to  boil  the  massecuite  to  a  higher  brix. 

Some  disadvantages 

Some  disadvantages  may  be  noted: 

(a)  Longer  time  to  get  the  equipment  into  operation,  when  first  installed. 

(b)  At  the  weekly  shutdown  an  A  massecuite  is  likely  to  set  if  left  in  the  pan,  hence  the  necessi- 
ty to  transfer  the  contents  of  each  compartment  to  a  mixer  (also  in  compartments)  where  it  is 
maintained  in  motion.  At  the  start-up  on  Monday,  each  portion  must  be  returned  to  its 
appropriate  compartment  to  resume  normal  operation.  Otherwise  it  is  necessary  to  empty  the 
equipment  at  the  weekly  shutdown. 

Langreney  continuous  pans 

This  equipment  was  designed  about  1970 by  Francois  Langreney.  It  depends  on  the  idea  that, 
if  the  massecuite  is  confined  in  a  narrow  corridor,  there  is  no  need  for  separate  compart- 
ments. As  the  massecuite  is  a  viscous  material,  it  has  no  tendency  to  mix  as  a  mobile  liquid 
would  do.  Provided  that  the  operation  commences  with  a  magma  of  sufficient  consistency 
and  this  is  provided  with  a  direct  path  in  a  narrow  corridor,  there  is  no  necessity  to  divide 
the  equipment  into  separate  compartments.  The  object  of  these  is  only  to  prevent  the 
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massecuite  from  mixing  with  that  of  neighbouring  stages,  so  that  each  stage  corresponds  to 
a  portion  of  the  required  crystal  size,  and  all  the  crystals  follow  approximately  the  same  path 
as  they  pass  along  the  equipment.  Any  crystals  which  lag  behind,  or  which  move  faster  than 
the  main  bulk,  will  give  larger  or  smaller  grains  than  required,  thus  resulting  in  a  poor  quality 
of  sugar  of  uneven  grain  size. 

The  massecuite  is  heated  in  vertical  tubes,  and  on  leaving  the  tubes  it  returns  down  the  nar- 
row corridor  and  re-enters  the  calandria  further  downstream.  Thus  the  height  of  the  equip- 
ment must  allow  sufficient  space  above  and  below  the  tubes  for  the  massecuite  circulation, 
for  release  of  vapour  above  the  tubes,  and  for  satisfactory  entry  of  the  massecuite  at  the  bot- 
tom of  the  tubes.  The  forward  movement  of  the  material  is  maintained  by  the  flow  of  magma 
and  molasses  entering.  The  material  enters  at  one  end  of  the  corridor  and  leaves  at  the  far 
end  (Fig.  33.29). 

Thus  the  basic  equipment  designed  on  this  principle  consisted  of  a  long  rectangular  tunnel 
having  a  narrow  tubular  calandria,  for  example,  of  4  to  6  rows  of  tubes,  while  on  the  other 
side  there  was  an  even  narrower  canal  or  corridor.  The  bottom  portion  of  this  allows  a 
transverse  area,  per  unit  of  length,  greater  than  that  of  the  calandria  tubes  for  the  same 
length,  without  giving  excess  area  where  the  massecuite  could  stagnate.  Vertical  plates  above 
the  calandria  support  a  roof  formed  of  a  horizontal  plate  to  arrest  splashes  of  the  massecuite. 
The  syrup  or  molasses  feed  to  the  boiling  mass  is  introduced  below  the  calandria  at  numerous 
points,  by  suitable  distributing  pipes. 


Fig.  33.29.  Principle  of  the  Langreney  pan,  massecuite  circulation. 
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Since  an  excessively  long  apparatus  would  not  be  acceptable,  Langreney  first  considered 
dividing  this  tunnel  into  two  sections,  one  each  side  of  the  calandria,  so  that  there  would  be 
one  calandria  with  a  channel  on  each  side  of  it.  The  magma  was  introduced  at  one  end  on 
the  one  side,  proceeding  to  the  opposite  end  of  the  channel  and  continuing  from  one  side 
to  the  other  and  returning  to  the  initial  end,  where  the  massecuite  left  by  overflow  and 
descended  by  a  barometric  column  to  be  collected  6  or  7  m  (20-23  ft.)  below.  This  was  the 
first  pilot  equipment,  the  functioning  of  which  was  satisfactory  and  encouraged  the  inventor. 

However,  even  divided  into  two,  the  length  of  flow  was  insufficient.  Langreney  then  had 
the  idea  of  changing  the  straight  channel  to  a  circular  one;  at  the  same  time,  he  gained  in 
strength  of  the  material  by  avoiding  the  necessity  for  reinforcing  a  flat  plate.  Taking  a 
diameter  equal  to  the  length  of  the  straight  equipment,  he  thus  multiplied  the  length  by  a 
factor  7T,  and  to  avoid  loss  of  the  double-channel  concept,  he  again  provided  two  channels, 
one  on  each  side  of  the  ring  calandria.  This  latter  was  common  to  the  two  channels,  and  was 
provided  with  a  vertical  partition  separating  the  portion  serving  the  interior  channel  from 
that  serving  the  exterior  one.  For  a  diameter  of  7  m  (23  ft.),  he  thus  attained  a  length  of  30 
m  (98  ft.).  This  is  the  equipment  which  he  designated  under  the  name  of  "crystalliser". 

Description.  In  the  present  models  (1982),  the  equipment  has  the  same  exterior  appearance 
as  a  normal  vacuum  pan.  Inside,  a  radial  baffle  separates  the  beginning  and  the  end  of  the 
circular  channels.  The  magma  is  introduced  below,  in  the  interior  channel,  against  this  radial 
baffle.  As  the  equipment  is  designed  for  a  level  of  the  boiling  massecuite  about  25  cm  (10 
in.)  above  the  upper  plate  of  the  calandria,  vertical  baffles  up  to  1  m  (3  ft.)  above  avoid 
lateral  projection  of  drops  and  splashes.  The  interior  circuit  is  separated  from  the  exterior 
by  a  cylindrical  baffle  rising  above  the  calandria  and  dividing  it  into  two  sections  correspon- 
ding to  the  respective  heating  surfaces.  This  baffle  extends  below  the  calandria  and  is  thicker 
at  this  position,  since  it  serves  as  a  support  for  the  calandria.  The  massecuite  passes  from 
the  interior  to  the  exterior  circuit  by  a  large  opening  situated  in  the  supporting  plate  and  ex- 
tending from  the  bottom  of  that  plate,  against  the  radial  baffle. 

The  syrup  or  molasses  feed  is  piped  to  two  circular  distributing  boxes  situated  above  the 
conical  roof  of  the  equipment,  and  descends  by  feedpipes  distributed  around  the  apparatus 
and  feeding  into  the  two  circuits.  There  is  one  distributing  box  for  each  circuit.  A  sight  glass 
is  interposed  in  the  vertical  portion  of  the  pipe,  permitting  visual  inspection  of  the  flow,  and 
a  hand-operated  butterfly  valve  is  provided. 

The  transfer  at  the  bottom  from  vertical  to  horizontal  flow  is  made  by  a  T  fitting,  permit- 
ting cleaning  of  the  pipe. 

Discharge  of  the  massecuite  is  made  near  the  radial  baffle,  by  means,  of  an  overflow  with 
an  adjustable  weir  plate,  with  sight  glasses  showing  the  overflow  level.  The  circuit  described 
above  may  be  followed  in  the  opposite  sense  (Fig.  33.30):  entry  by  the  exterior  channel  and 
discharge  from  the  interior  one.  This  arrangement  is  in  fact  necessary  for  the  CA  model 
which  is  described  later. 

The  calandria  is  in  two  portions  welded  together  to  form  a  single  body.  There  is  one  steam 
entry  or,  if  necessary  for  large  apparatus,  two  entries  at  180°  apart.  Vacuum  is  maintained 
constant.  There  are  at  least  10  conductivity  meters  along  the  travel  of  the  massecuite,  three 
being  in  the  first  circuit,  and  seven  in  the  second.  The  indications  from  electrodes  2  to  9  are 


CONTINUOUS  VACUUM  PANS 


719 


 Do  


Fig.  33.30.  Langreney  continuous  pan,  type  CA. 

connected  in  a  current  -  pressure  converter  and  the  result  is  transmitted  to  the  molasses  valve 
or  steam  valve. 

Two  systems  of  automatic  control  are  employed  at  present.  One  consists  of  regulating  the 
input  of  molasses  according  to  the  integrated  indication  of  conductivity,  the  two  circuits  be- 
ing controlled  separately:  the  first  by  electrodes  2  and  3,  the  second  by  electrodes  5  to  9.  The 
steam  pressure  is  thus  maintained  constant.  The  other  system  consists  of  regulating  the  feed 
valve  for  molasses  in  relation  to  a  flowmeter  placed  on  the  feed  of  magma,  so  as  to  establish 
proportionality  between  these  two  feeds,  and  regulating  the  steam  valve  in  relation  to  the  in- 
tegration of  the  8  conductivity  readings.  The  flow  meter  is  graduated  in  cubic  meters  per 
hour,  with  an  adjustable  setting. 

The  electrodes  must  be  maintained  very  clean.  For  this  purpose  they  are  located  at  several 
decimetres  from  the  wall  of  the  equipment  and  are  surrounded  by  a  sheath  which  directs  a 
jet  of  hot  water  under  pressure  on  the  electrodes,  opened  every  quarter  hour  (with  A 
massecuite)  or  hourly  with  C  massecuite.  All  the  instruments  for  these  automatic  controls 
are  assembled  on  a  control  panel. 

The  steam  from  the  boiling  massecuite  is  evacuated  to  the  condenser  through  the  central 
dome  of  the  pan.  The  ratio  S/V\s  approximately  9.2  m2/m3  (2.8  sq.ft/cu.ft).The  calandria 
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tubes  are  of  steel,  98.6  X  101.6  mm  (3£  x  4  in.)  and  1.20  m  (4  ft.)  in  length.  By  limiting 
them  to  1  m  (3.3  ft.),  the  heat-transfer  coefficient  would  be  improved,  but  to  maintain  the 
same  S/V,  the  diameter  of  the  equipment  would  have  to  be  increased  by  10%. 

The  equipment  functions  well,  and  the  coefficient  of  variation  of  the  crystals  is  comparable 
with  that  from  discontinuous  pans.  Its  simplicity  is  an  attractive  feature,  its  cylindrical  form 
and  smaller  overall  size  facilitating  its  installation  in  the  pan  station.  The  length  of  travel  of 
the  massecuite  is  a  favourable  factor. 

There  are  3  principal  types: 

(a)  The  2L5,  for  capacities  below  30  m3,  with  straight  element 

(b)  The  CN,  for  capacities  25  to  80  m3,  cylindrical  element 

(c)  The  CA,  for  capacities  J  5  to  80  m3,  cylindrical  with  an  agitator  at  the  end  of  the  boiling 
(Fig.  33.27). 

With  the  CN  model,  the  space  inside  the  interior  circuit  is  unfortunately  wasted,  since  it 
is  difficult  of  access:  but  it  increases  the  diameter  of  the  whole  vessel  by  only  5%  for  a  given 
capacity.  The  CA  model  resolves  this  difficulty  very  elegantly  by  finding  an  excellent  use  for 
this  space.  By  adopting  the  reverse  flow,  the  massecuite  entering  the  exterior  channel  first 
and  then  the  interior  channel,  the  massecuite  coming  to  the  end  of  the  latter  passes  through 
an  opening  in  the  central  cylinder  which  thus  forms  a  small  vacuum  pan  with  central 
downtake,  heated  by  a  calandria  slightly  lower  than  the  principal  calandria  of  the  equipment 
and  fitted  with  an  agitator  which  ensures  circulation  of  the  massecuite  at  the  moment  when 
it  is  most  useful  and  most  effective,  i.e.  at  the  end  of  the  strike.  The  level  in  this  inside  pan 
is  maintained  slightly  lower  than  in  the  main  circuits ,  and  the  massecuite  is  withdrawn  at  a 
point  in  the  periphery  by  a  small  opening  opposite  the  point  of  entry  to  this  third  circuit. 

This  model  makes  the  Langreney  the  only  continuous  pan  with  an  agitator.  Thus  modified, 
this  equipment,  already  original  in  its  conception,  marks  an  interesting  stage  in  the  history 
of  the  continuous  vacuum  pan  (Fig.  33.30). 

Table  33.18  gives  dimensions  of  the  various  models  of  the  CA  pan. 

TABLE  33. IS 


SERIES  Or  LANGRENEY  CONTINUOUS  PANS  TYPE  CA 


No, 

Diameter  Z> 

Volume  V 

Healing 

surface  S 

(m) 

(ft/in.) 

(mV 

lcu.fi.) 

fmV 

(sq.ft.) 

150CA 

3..710 

(12  ft.   2  in.) 

15 

530 

138 

1,488 

200CA 

4,.298 

(14  ft.    1  in.) 

20 

706* 

184 

1,984 

250CA 

■4.673 

(15  ft.    8  in.) 

25 

883 

230 

2,480 

300CA 

5,.233 

(17  ft.   2  in.) 

30 

1,059 

276 

2,976 

350CA 

5,639 

(18  ft.    6  in.) 

35 

1,236 

323 

3,472 

400CA 

6,.045 

(19  ft.  10  in.) 

40 

1,413 

369 

3,968 

450CA 

6.401 

(21  ft.  Oin.) 

45 

1,589 

415 

4,464 

500CA 

6.,757 

(22  ft.    2  in.) 

50 

1,766 

461 

4,960 

600CA 

7„391 

(24  ft.    3  in.) 

60 

2,119 

553 

5,952 

700CA 

8.001 

(26  ft.   3  in.) 

70 

2,472 

645 

6,944 

800CA 

8.,534 

(28  ft.   0  in.) 

80 

2,825 

737 

7,936 

(Diameter  of  small  interior  pan  with  agitator  =  43%  of  D.) 
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Relative  capacities  of  batch  and  continuous  pans 

The  capacity  of  a  continuous  pan,  reckoned  in  mVt.c.h.,  may  be  reckoned  as  about  20% 
higher  than  that  of  a  discontinuous  pan  of  the  same  useful  volume. 

At  Tongaat  and  Gledhow102  it  is  considered  that  the  respective  capacities,  reckoned  in  kg 
evaporation  per  hour  and  m2,  were  approximately  5.3-6  kg/m2/h  (1.1-1.2  Ib./sq.ft./h) 
for  continuous  Fives  Cail  -  Babcock  pans,  and  that  of  batch  pans  about  twice  that  figure  dur- 
ing their  time  of  operation.  The  advantage  of  the  continuous  pans  is  due  to  their  superior 
S/  V (of the  order  of  10  m2/m3  (3  sq.ft./cu. ft.),  compared  with  6-8  (1.8-2.4))  and  to  the 
fact  that  they  function  in  a  continuous  manner,  whereas  ordinary  pans  operate  intermittent- 
ly. 
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34.  Crystallisation 


Object 

The  massecuite  when  discharged  from  the  pan  is  at  a  high  supersaturation.  If  it  is  allowed 
to  stand,  the  sugar  still  contained  in  the  mother  liquor  will  continue  to  be  deposited  as 
crystals,  but  this  massecuite  is  very  dense  and  the  mother  liquor  very  viscous.  Crystallisation 
will  soon  cease  if  the  massecuite  is  left  undisturbed,  because  the  layer  of  mother  liquor  sur- 
rounding the  crystals  will  be  rapidly  exhausted,  and  the  viscosity  of  the  mass  will  prevent  the 
more  distant  molecules  of  sugar  from  circulating  and  coming  in  contact  with  the  crystals. 

If  we  are  to  take  advantage  of  the  strong  tendency  of  the  massecuite  to  crystallise  after 
boiling,  it  must  be  kept  in  motion  in  order  to  change  constantly  the  relative  positions  of  the 
particles  of  mother  liquor  and  of  crystals.  In  factory  parlance  this  is  termed  "crystallisa- 
tion"; strictly  speaking,  of  course,  the  whole  process  in  the  pans  constitutes  crystallisation 
of  the  sugar,  but  in  the  factory  the  term  "crystallisation"  is  used  particularly  for  the 
crystallisation  in  motion  after  dropping  the  massecuite  from  the  pan. 

Crystallisation,  then,  is  a  process  which  consists  of  mixing  the  massecuite  for  a  certain  time 
after  dropping  from  the  pans,  and  before  passing  to  the  centrifugals;  and  which  aims  at  com- 
pleting the  formation  of  crystals  and  forcing  further  exhaustion  of  the  mother  liquor. 

Proportions  of  different  massecuites 

We  repeat  in  Table  34.1  figures  for  average  proportions  of  the  three  massecuites: 


TABLE  34.1 


A  massecuite 
B  massecuite 
C  massecuite 


3-MASSECUITE  SYSTEM 

(Quantities  in  dmVt.c.  (cu.ft,/t.c.) 

Tromp  Our  figures 


Single  magma    Double  magma 


85  (3  ) 
45  (1.6) 
40  (1.4) 


95  (3.4) 
50  (1.8) 
35  (1.3) 


130  (4.5) 
50  (1.8) 
35  (1.3) 


Total 


170    (6  ) 


180  (6.5) 


215  (7.6) 


Density  of  massecuite 

For  hot  massecuite  we  have  taken  (Table  32.3  and  Chap.  33)  a  specific  gravity  of  1.47  for 
massecuites  (density  92  lb./cu.ft.).  For  cold  material,  between  30  and  40°C  (85  and  105°F), 
a  value  of  1.50  (94  lb./cu.ft.)  may  be  taken. 
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Dilution  of  the  massecuite 

When  the  massecuite  purges  badly  at  the  centrifugals  it  is  sometimes  diluted  with  water,  or 
with  a  suitable  grade  of  molasses.  This  dilution,  especially  with  water,  impairs  the  exhaustion 
and  should  be  avoided.  If  it  proves  necessary  to  dilute  for  fugalling,  it  should  be  done  only 
2  or  3  hours  before  passing  to  the  centrifugals. 

Flow  of  the  massecuite 

The  minimum  slope  of  chute  to  be  provided  for  discharge  of  the  massecuite  leaving  the  pans 
is  given  by  Tromp1  as  9°  (16%).  He  recommends  preferably  11°,  or  20%.  However,  he  in- 
dicates elsewhere2  5%,  or  3°,  for  the  cold  massecuite  after  crystallisation.  This  value  is  cer- 
tainly a  minimum  and  it  would  be  advisable  to  keep  well  above  it. 

Temperature  of  cooling  of  the  massecuite 

The  massecuite  on  leaving  the  pans  is  at  a  temperature  of  70-75°C  (160-  165°F).  To  what 
temperature  is  it  advisable  to  cool  it  in  the  crystalliser? 

Low-grade  massecuites.  Deerr  considers  that  the  best  temperature  to  which  to  cool  the 
low-grade  massecuite  is  41  — 43°C  (105  -  1 10°F),  and  that  if  it  is  taken  below  that  figure,  the 
mother  liquor  becomes  so  viscous  that  the  gain  in  sugar  crystals  is  offset  by  the  quantity  of 
additional  water  needed  for  purging  in  the  centrifugals. 

Jenkins4  suggests  38°C  (100°F)  as  about  the  practical  limit. 

If  the  massecuite  is  reheated  before  fugalling,  a  lower  temperature  may  be  employed,  36°C 
(97°F),  for  example. 

High-grade  massecuites.  For  massecuites  of  higher  purity  the  limit  of  temperature  would 
be  lower,  since  the  increase  in  viscosity  with  cooling  would  be  less  than  with  low  grades. 
Jenkins  recommends  crystallising  A  and  B  massecuites  as  for  C  strikes,  but  emphasises  the 
importance  of  efficient  pan  work;  and  has  since  expressed  the  view  that  with  modern  pans 
capable  of  producing  a  massecuite  of  maximum  crystal  content,  crystallisation  of  high  grades 
is  less  attractive.  Few  factories  have  considered  it  in  their  interests  to  practice  crystallisation 
of  high  grades,  firstly  on  account  of  the  danger  of  having  the  massecuite  go  solid  in  the 
crystalliser,  and  secondly  on  account  of  the  space  required  for  the  extra  equipment  necessary. 
However,  the  operation  would  be  interesting,  particularly  on  B  massecuite. 

High-purity  massecuites  present  the  dangerous  possibility  of  going  solid,  that  is,  of  solidi- 
fying in  such  a  manner  that  they  can  be  dealt  with  only  by  attacking  with  a  pick  or  by  dissolv- 
ing the  mass.  This  possibility  is  a  nightmare  for  overseers  after  stoppages  due  to  strikes  or 
power  failures  of  long  duration. 

Such  setting  of  a  massecuite  can  occur  if  the  purity  is  above  75  and  the  brix  above  90,  and 
when  the  stirring  gear  has  been  stopped  for  a  few  hours. 

Reheating  of  the  massecuite.  If  the  massecuite  is  difficult  to  handle  at  the  centrifugals,  it 
may  be  reheated  before  centrifuging  in  order  to  reduce  its  viscosity.  We  shall  discuss  this 
again  in  connection  with  centrifugals  (cf.  p.  807). 
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Speed  of  crystallisation 

Speed  of  crystallisation  in  a  massecuite  is  a  function  of  the  supersaturation,  the  temperature 
and  the  crystal  surface  area.  If  a  constant  speed  of  crystallisation  is  to  be  maintained, 
temperature  must  be  regulated  as  a  function  of  the  supersaturation,  or  inversely  (cf.  Table 
33.2,  p.  000).  Experience,  moreover,  has  shown5  that  the  best  results  correspond  to  crystall- 
isation at  constant  supersaturation  of  the  mother  liquor.  The  object  will  thus  be  to  maintain 
the  supersaturation  in  the  neighbourhood  of  1.2. 

Purity  drop  during  crystallisation 

Praeger6  claims  that,  in  the  3-massecuite  system,  it  would  be  possible  to  obtain  by  crystallisa- 
tion an  additional  6  points'  purity  drop  for  each  grade  of  massecuite. 

In  Louisiana,  Daubert7  claims  that  it  should  normally  be  possible  to  obtain,  with  a  well- 
controlled  C  massecuite,  an  apparent  purity  drop  of  27  points  between  massecuite  and 
molasses,  e.g.: 

15-16  points  in  the  pan 

11  —  12  points  in  the  crystalliser. 
This  is  a  maximum  value,  which  we  have  rarely  known  to  be  achieved. 

In  Australia,  Foster8  considers  that,  provided  the  massecuite  is  allowed  to  attain  equil- 
ibrium, the  true  purity  will  be  reduced  by  one  point  for  each  4°C  (7°F)  of  reduction  in 
temperature. 

Supersaturation 

The  same  author  considers  that  final  massecuite  can  be  discharged  from  the  pan  at  a  super- 
saturation  of  1.2  without  risk  of  the  formation  of  false  grain  in  a  crystalliser.  On  the  other 
hand,  mixing  a  residue  of  cold  massecuite  with  freshly  discharged  massecuite  inevitably 
forms  false  grain. 

Sugar  recovery 

Problem.  What  are  the  proportions  of  sugar  and  molasses  produced  by  a  given  massecuite? 

Solution.  Let 
Pm  =  purity  of  massecuite 
P    =  purity  of  sugar 
P    =  purity  of  the  molasses 
Bm  =  weight  of  dry  substance  %  of  massecuite 
B    =  weight  of  dry  substance  %  sugar 
Be  =  weight  of  dry  substance  %  of  molasses 
Qm  =  weight  of  massecuite 
Qs  =  weight  of  sugar  produced 
Qe  =  weight  of  molasses  obtained. 

By  a  reasoning  identical  with  that  of  the  problem  on  p.  801,  we  obtain: 


(34.1) 
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where  the  first  term  represents  the  weight  of  sugar  %  on  weight  of  massecuite. 
Since  the  massecuite  is  generally  reckoned  by  volume,  we  shall  have: 

Q   =  V  d 

V  =  volume  of  massecuite,  in  m3  (cu.ft.)  for  example 

in  L 

d    =  density  of  massecuite,  in  kg/m3  (lb. /cu.ft.)  for. example. 
Hence: 

O      B  d     P    -  P 

—s    _      m    m  #      m  e 

V         B       P  -  P 

m  s  s  e 


We  have,  very  closely: 


dm  =  1,500  kg/m3  (94  lb./cu.ft.) 
B.    =  100 


which  gives: 


(34.2) 


Q               P    -  P  T  Q  P    -  P\ 

^  =15  5  —   /   -  =  0.945     -  -  —  (34.3) 

V                  m  p    _    p  4    y  m  p    _    p  j                        V  / 

m                        s           e  ^     m  s  e 


where  the  first  term  represents  the  recovery  R  from  1  m3  (cu.ft.)  of  massecuite,  in  kg  (lb.) 
of  sugar. 


Example.  If  we  assume  the  mean  values  of  Table  34.2: 

TABLE  34.2 


YIELD  OF  SUGAR  FROM  MASSECUITES  (NORMAL  VALUES) 


B 

m 

P 

m 

P 

s 

P 

e 

A  massecuite 

95 

85 

99 

65 

B  massecuite 

96 

72 

98 

50 

C  massecuite 

98 

58 

95 

35 

we  would  have  theoretically: 


=  840  kg/m3  (53  lb./cu.ft.) 
=  660  kg/m3  (41  lb./cu.ft.) 
=  560  kg/m3  (35  lb./cu.ft.) 
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On  account  of  the  dilutions  carried  out,  these  yields  in  practice  would  barely  exceed: 

/?;  =  800         kg/m3  (50  Ib./cu.ft.) 
R±  =  600 -650  kg/m3  (37  Ib./cu.ft.) 
=  500-550  kg/m3  (31  Ib./cu.ft.) 

In  crystal  per  cent  by  weight  of  massecuite,  Honig9  and  Eisner10  give  (Table  34.3): 

TABLE  34.3 

CRYSTAL  YIELD  %  MASSECUITE  (BY  WEIGHT) 


Purity 

Honig 

Eisner  (3-mass.J 

Eisner  (2-mass.) 

A  massecuite 

80-90 

50 

51 

60 

B  massecuite 

65-80 

45 

47 

45 

C  massecuite 

58-65 

40 

38 

Exhaustion  of  the  massecuite 

It  is  interesting  to  express  the  efficiency  of  operation,  not  in  weight  of  sugar  per  unit  volume 
or  unit  weight  of  massecuite,  but  in  weight  of  crystal  recovered  as  percentage  of  sucrose  in 
the  massecuite".  This  ratio  has  the  advantage  of  varying  little  with  the  massecuite  con- 
sidered, A,  B  or  C.  This  recovery  with  A  massecuite  should  be  of  the  order  of  60-65°7o,  dou- 
ble purging  giving  values  slightly  superior  to  those  obtained  by  single  purging,  60%  with  B 
and  50%  with  C  massecuite. 

Exhaustion  is  given  by  a  convenient  expression1  ia  derived  by  the  same  reasoning  as  that 
of  p.  839: 


Exhaustion  =  10,000  (massecuite  purity  -  molasses  purity) 
massecuite  purity  (100  -  molasses  purity) 


(34  4) 


Similarly: 


„    .  „                .,         massecuite  purity  -  molasses  purity  lM.M 
Crystal  %  massecuite  =  •   (34.5) 

100  -  molasses  purity 

Installation  of  crystallisers 

In  most  factories,  the  crystallisers  are  placed  at  ground  level.  This  is  a  mistake  which  is 
detrimental  to  the  recovery. 

In  such  a  case,  much  trouble  has  been  taken,  particularly  with  the  third  strike,  to  obtain 
a  very  tight  massecuite.  Hence  it  is  inevitably  thick,  stiff,  dense  (sometimes  wrongly  called 
viscous)  and  difficult  to  handle,  especially  when  it  is  cold,  after  crystallisation.  The  pumps 
refuse  to  handle  it,  and  the  result  practically  always  is  that  the  operators  responsible  for 
feeding  the  low-grade  centrifugals  add  molasses,  sometimes  even  water,  to  dilute  the  mass 
so  that  it  will  be  more  readily  accepted  by  the  pump.  Hence  there  is  a  complete  destruction 
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of  all  the  work  laboriously  carried  out,  up  to  that  stage,  to  obtain  a  dense  massecuite;  a 
destruction  all  the  more  complete  because  the  operators  have  a  tendency  to  abuse  the 
dilution-water  valve. 

One  palliative  consists  of  having  good  pumps  of  Rota  type,  well  located  below  the  trough 
which  supplies  them,  and  fitted  with  short  suction  pipes  of  large  diameter. 

Another  palliative  consists  of  reheating  the  massecuite  in  the  delivery  trough,  by  furnishing 
this  trough  with  a  double  bottom  which  is  heated  by.  exhaust  steam,  but  this  again  involves 
some  risk  of  re-solution  of  crystal. 

However,  there  exists  only  one  elegant  method  of  really  and  completely  solving  the  pro- 
blem; that  is,  to  design  each  installation  in  such  a  way  as  to  avoid  and  completely  banish  the 
handling  of  the  massecuite  by  a  pump.  For  this  it  is  necessary  to  locate  the  pans  at  a  higher 
level,  above  the  crystallisers,  which  consequently  will  be  located  on  the  first-floor  level,  just 
below  the  pans;  and  the  crystallisers  in  their  turn  should  be  above  the  distributer-mixer  sup- 
plying the  centrifugals,  which  then  will  be  located  at  floor  level,  and  just  below  their  mixers. 

This  arrangement  of  the  plant  has  an  influence  on  the  final  recovery,  the  importance  of 
which  can  hardly  be  exaggerated.  The  modifications  to  the  installation  which  it  might  involve 
in  a  badly  laid  out  factory  would  probably  be  amply  repaid  in  the  first  season. 

Ordinary  crystalliser 

The  ordinary  or  "kneading-trough"  crystalliser  (Fig.  34.1)  is  a  simple  steel  vessel,  of  U- 
shaped  cross-section,  fitted  with  an  agitator  permitting  it  to  maintain  the  mass  in  slow  and 
continuous  motion. 


Speed  of  rotation.  Deerr12  recommends  a  rotational  speed  of  the  screw  of  one  turn  in  1 
min  45  s.  Tromp2  suggests  r.p.m.  This  speed  is  not  of  very  great  importance,  the  best 
values  being  the  lowest  (\  r.p.m.).  It  has  been  found,  by  varying  the  speed,  that  it  has  hardly 
any  perceptible  effect  as  long  as  there  is  some  movement. 

The  best  values  are  accordingly  the  lowest,  and  the  author  would  recommend  \  r.p.m. 

Power.  The  power  required  for  the  crystalliser  depends  on  this  speed  of  rotation.  Deerr3 
estimates  about  25  kW/1,000  m3  (1  h.p./l,000  cu.ft.)  of  massecuite;  Tromp2  1-2  kW 
(1.5-3  h.p.)  per  crystalliser,  according  to  its  volume  (12-50  m3;  450-  1,750  cu.ft.),  or 
6-12  mVkW  (300-600  cu.ft./h.p.). 

Honig13  recommends  that  the  installed  power  should  be  210  kW/1,000  m3  (8.5  h.p./l,000 
cu.ft.),  in  order  to  allow  for  the  most  unfavourable  conditions.  In  Australia14  a  figure  of 


Fig.  34.1.  Ordinary  crystalliser. 
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375-400  kW/l,000mJ  (15- 16  h.p./l,000  cu.ft.)  is  suggested. 

For  typical  crystallisers,  of  about  20-50  m3  (700-  1,800  cu.ft.)  capacity,  and  for  a  speed 
of  \  r.p.m.,  Honig's  figure  of  210  kW  per  1,000  m3  may  be  used. 

While  crystallisers  generally  adopt  the  U  shape,  certain  makers  prefer  a  cylindrical  cross- 
section,  with  an  opening  only  of  600  mm  (24  in.)  at  the  top. 

Time  for  crystallisation.  Tromp15  gives  the  following  times  of  crystallisation: 


General  practice  is  to  keep  the  A  massecuite  a  very  short  time  in  the  crystalliser,  to  give 
a  short  period  of  crystallisation  for  the  B  massecuite,  and  to  keep  as  many  crystallisers  as 
possible  for  the  C  massecuite. 

It  is  essential  to  provide  long  and  careful  crystallisation  for  the  final  massecuite,  but  there 
would  be  some  advantage  in  doing  the  same  for  the  higher  massecuites.  When  ordinary 
crystallisers  are  provided,  it  is  not  recommended  to  go  below  the  following  times: 


Capacity.  Deerr  estimates  a  total  capacity  for  the  battery  of  crystallisers  of  5  mVt.c.h.  (180 
cu.ft./t.c.h.). 

Tromp,  from  the  above  times,  estimates  the  proportions  of  the  respective  massecuites  as 
follows: 


From  these  figures,  and  the  crystallisation  times  just  quoted,  he  calculates  the  required 
crystalliser  capacities  as: 


A  massecuite:  12  h 
B  massecuite:  12  h 
C  massecuite:    72  h 


12  h  crystallisation  for  A  massecuite 
24  h  crystallisation  for  B  massecuite 
72  h  crystallisation  for  C  massecuite 


A  massecuite:  50%  =  85  1/t.c.  (3  cu.ft./t.c.) 
B  massecuite:  28%  =  45  1/t.c.  (1.6  cu.ft./t.c.) 
C  massecuite:  22%  =  40  1/t.c.  (1.4  cu.ft./t.c.) 


85  X 


12 

24 


+  45  X  -2  +■  40  x  —  =  42.5  +  22.5  +  120 
24  24 


or: 


185  1/t.c. /24h  =  44  hl/t.c.h.  (160  cu.ft./t.c.h.) 


This  is  a  theoretical  figure.  However,  taking  into  account  loss  of  time  and  allowing  a 
necessary  margin  of  safety,  he  finally  quotes  the  following  as  practical  figures  for  Cuba  and 
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the  Philippines;  figures  for  other  countries  have  been  added  (Table  34.4): 


TABLE  34.4 

CAPACITY  OF  CRYSTALLISERS,  IN  hl/t.C.h.  (CU.ft./t.C.h.) 


Minimum  Maximum  Mean 


Cuba  (Tromp)  50  (180)  70  (250) 

Philippines  (Tromp)                        -  75  (270) 

Natal"  40  (135)  170  (620) 

Puerto  Rico17  17  (  61)  58  (208)          33  (118) 


In  Cuba18,  requirements  are  estimated  as  follows: 


A  massecuite:  6  hl/t.c.h.  (  21.5  cu.ft./t.c.h.) 

B  massecuite:  9  hl/t.c.h.  (  32.2  cu.ft./t.c.h.) 

C  massecuite:  30  hl/t.c.h.  (107.5  cu.ft./t.c.h.) 

or  a  total  of:  45  hl/t.c.h.  (161.2  cu.ft./t.c.h.) 


Where  figures  are  given  for  C  massecuite  only,  which  is  the  most  important,  we  find19: 

Queensland:  20  hl/t.c.h.  (  70  cu.ft./t.c.h.) 
Hawaii:         84  hl/t.c.h.  (300  cu.ft./t.c.h.) 

In  order  to  arrive  at  a  figure  among  values  varying  so  greatly,  we  would  comment  that  the 
times  of  crystallisation  which  we  have  recommended  above  (12,24  and  72  hours)  when  allow- 
ing a  safety  margin  of  25%,  give  figures  of: 

A  mass.      B  mass.      C  mass. 

1.25  1  95  X  —  +  50  X  —  +  35  x  —  60      +      62      +      131     l/tc./24  h 

L        24  24  24  J 


or  respectively: 

14      +      15      +      32  hl/t.c.h. 


or  a  total  of  60  hl/t.c.h.  (222  cu.ft./t.c.h.). 


Unit  capacity.  The  unit  capacity  of  the  crystallisers,  or  capacity  of  each  unit,  should  be 
fixed  as  a  function  of  that  of  the  pans.  It  is  necessary  to  avoid  mixing  in  the  same  crystalliser, 
crystals  from  two  different  pans,  and  also  to  avoid  running  a  hot  massecuite  into  a 
crystalliser  partly  filled  with  one  which  has  already  been  cooled.  The  unit  capacity  of  the 
crystallisers  will  thus  be  chosen  equal  to  that  of  the  pans  supplying  them,  increased  by 
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15-20%  (crystallisers  of  36  m3  for  example,  for  pans  of  30  m3).  Alternatively,  two 
crystallisers  may  be  installed  to  serve  one  pan  (two  crystallisers  each  of  18  m\  for  example, 
for  a  pan  of  30  m3). 

Calculation  for  cooling  in  an  ordinary  crystalliser 

This  calculation  is  made  in  a  manner  fully  analogous  to  that  which  we  have  seen  with  relation 
to  heaters  (cf.  p.  449).  Let: 
V  =  useful  volume  of  crystalliser,  in  m3  (cu,ft.) 
d  =  density  of  massecuite,  in  kg/m3 
c    =  specific  heat  of  massecuite  (—  0.44) 
P  =  weight  of  massecuite  in  crystalliser,  in  kg  (lb.) 
S    =  cooling  surface  of  crystalliser,  in  m2  (sq.ft.) 
D  =  diameter  of  crystalliser,  in  m  (ft.) 
L  =  length  of  crystalliser,  in  m  (ft.) 
B    =  ambient  temperature,  in  °C  (°F) 

To  =  initial  temperature  of  massecuite  (at  t  =  0),  in  °C  (°F) 
T  =  temperature  of  massecuite  at  time  /,  in  °C  (°F) 
t    =  time  of  cooling,  in  hours 

k  =  heat-transfer  coefficient,  in  kcal/mV°C/h  (B.T.U./sq.ft./°F/h). 

We  assume  the  crystalliser  to  be  of  standard  U  section.  Its  cooling  surface  is  equal  to  the 
area  of  the  walls  (ends  and  sides)  of  the  vessel  plus  that  of  the  surface  of  the  massecuite. 

Generally,  the  value  of  7  (1.4)  is  taken  for  k20.  This  is  an  overall  approximate  value,  which 
allows  for  the  massecuite  surface,  where  the  heat  transfer  is  assisted  by  the  absence  of  a  metal 
surface,  but  adversely  affected  by  convection. 


Now: 


S  = 


or: 


+  2L 


D(D  +  2L) 


Let: 


L 


L  - 


mD 


We  have: 


S  =  D1  I  \  +  ^\  (1  +  2m) 


(34.6) 
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Similarly, 


ttD2        D2         m£>3  I        7r  \ 
V  =  -—  L  +  —  L  =    ~  j  1  +  -  |  (34.7) 
8  2  2     \  4V 


Hence: 


5      2  (1  +  2m) 


V  mD 

The  formula  for  cooling,  similar  to  that  for  heating,  is: 


or: 


(34.8) 


In    T-_e    -pct  (34.9) 


T  =  e  +  (To  ~  e)  e'l~KS/pt)  (34.10) 


But: 

kS      kS  _  2k  2m) 
TC  mDdc 

Hence: 

T  =  e  +  (T0  -  e)e-(2kw°  +  lmVmD  (34.11) 

Replacing  the  quasiconstant  expressions  by  their  values,  we  thus  have: 

T  =  0  +  (To  -  d)  e'am  ,u  +  lm),mD         (T  =  6  +  (T0-    $)  e^01 ' 1  n  +  2m)/mD)  (34.12) 

Now  taking  the  mean  or  commonest  values  for  the  other  terms: 

T  =  70°C  (160°F) 
=  30°C  (  86°F) 

D  =  1.8  in  (    6  ft.  30  +  40  6  (343, 

m  =  3.33 

we  obtain  the  cooling  graph  as  given  in  Fig.  34.2  (°C). 
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0      10    20    30   40    50   60    70   80  90  100  hours 


Fig.  34.2.  Cooling  curve  for  massecuite  in  ordinary  crystalliser. 


TYPES  OF  CRYSTALLISER 

Crystalliser  with  double  helix 

These  are  crystallisers  which  are  widely  used  in  certain  British  countries.  They  are  analogous 
to  ordinary  crystallisers,  but  carry  two  shafts  and  two  helical  stirrers  rotating  in  opposite 
directions,  being  driven  by  two  worm  wheels  from  the  same  worm  (Fig.  34.3).  The  upper 
helix  is  provided  with  a  triple  stirrer  strip  and  one-third  of  its  height  is  above  the  massecuite 
level. 

Since  the  crystalliser  is  narrower  in  relation  to  its  volume  than  the  ordinary  type,  it  offers 
a  relatively  greater  cooling  surface;  and  the  upper  helix  brings  thin  layers  of  massecuite  into 
contact  with  the  air  and  so  gives  a  more  rapid  cooling. 

Contrary  to  an  idea  which  was  widespread  until  recently,  it  has  been  found  that  this 
method  of  stirring  the  massecuite  does  not  present  any  disadvantage,  and  that  the  crystalliser 
with  a  double  helix  allows  of  a  cooling  time  shorter  by  half  than  that  required  for  ordinary 
crystallisers. 

Reports  from  the  Philippines21  indicate  a  reduction  even  of  two-thirds  in  the  time  of 
crystallisation.  There  would,  however,  be  a  slight  emulsification  with  air,  which  may 


Fig.  34.3.  Double-helix  crystalliser. 
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sometimes  be  detrimental  to  the  fugalling.  Any  introduction  of  air  bubbles  into  a  massecuite, 
syrup  or  molasses  leads  to  an  increase  in  viscosity. 

Tromp22  indicates  that  a  capacity  of  3.75  mVt.c.h.  (133  cu. ft. /t.c.h.)  would  be  sufficient 
for  final  massecuite  with  this  type  of  crystalliser.  It  is  presumed  that  this  capacity  is  given 
for  a  duty  equivalent  to  that  which  would  be  obtained  with  the  7.5  mVt.c.h.  (266 
cu. ft. /t.c.h.)  indicated  above  for  all  massecuites  with  ordinary  crystallisers  (cf.  p.  731,  Table 
34.4). 

Ragot  crystalliser 

The  Ragot  crystalliser  is  an  ordinary  crystalliser  in  which  the  stirring  strip  of  the  helix  has 
been  replaced  by  a  coil  carrying  water. 

This  will  obviously  allow  of  rapid  cooling,  and  also  presents  the  advantage  that  reheating 
of  the  massecuite  can  also  be  carried  out  before  fugalling  by  replacing  the  cold  water  in  this 
coil  with  hot  water. 

Water-cooled  crystallisers 

Modern  water-cooled  crystallisers  are  practically  always  designed  with  the  cold-water  inlet 
and  hot-water  outlet  arranged  in  the  shaft,  which  is  then  in  the  form  of  a  central  tube  carry- 
ing the  cold  water,  surrounded  by  an  outer  tube  so  that  the  hot  water  returns  through  the 
annular  space  between  the  inlet  tube  and  this  outer  sleeve.  The  inlet  and  the  outlet  for  the 
water  are  generally  located  on  the  one  end  of  the  crystalliser. 
The  heat-exchange  surface  is  attached  to  the  outer  tube. 

The  form  of  this  surface  varies  from  one  designer  to  another.  In  one  system  widespread 
in  the  American  hemisphere,  it  consists  of  two  concentric  radial  tubes.  In  the  Fletcher  -  Blan- 
chard  (Fig.  34.4),  the  heat-exchange  surface  consists  of  tubes  with  closed  ends,  one  series 
straight  and  one  series  curved,  into  which  and  from  which  the  water  flows  during  the  rota- 
tion. In  the  Fives  Lille  crystalliser  (Fig.  34.5),  it  is  in  the  form  of  a  hollow  helical  strip,  which 
on  the  outside  contributes  to  a  lateral  movement  of  the  massecuite,  and  on  the  inside,  like 
the  preceding  model,  is  traversed  by  the  cooling  water  as  the  shaft  rotates.  Another  model 
has  spiral  plates  (Fig.  34.6). 

All  these  crystallisers  permit  the  same  degree  of  cooling  to  be  obtained  as  for  the  ordinary 
type  of  crystalliser,  without  any  disadvantage  and  in  a  much  shorter  time,  generally  in  12-20 
h,  averaging  say  16  h,  as  compared  with  2-3  days.  They  thus  afford  a  great  economy  in 
space  required  in  the  factory. 


Fig.  34.4.  Blanchard  crystalliser,  Fletcher  patent. 
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Fig.  34.5.  Crystalliser  with  "flag"  stirrers  (Fives  Cail  -  Babcock). 


J4i 


V 


v 


V       ,  V 


Fig.  34.6.  Arrangement  of  crystallisers  in  series. 


The  cooling  could  be  as  rapid  as  desired,  as  the  crystallisation  reduces  the  saturation 
temperature  by  2-5°C  (4-8°F)  per  hour,  while  it  is  generally  not  possible  to  cool  more 
rapidly  than  1  -  1 .5°C  (2  -  3°F)  per  hour23. 

The  rate  of  crystallisation  decreases  with  decrease  in  purity  or  temperature.  Crystallisation 
is  thus  more  rapid  at  the  beginning  of  cooling,  and  particularly  higher  with  A  and  B  than 
with  C  massecuite. 

However,  it  is  recommended  that  the  massecuite  should  not  be  cooled  immediately  and 
abruptly  as  soon  as  it  is  discharged  from  the  pan  into  the  crystalliser.  It  will  be  left  to  mix 
for  one  to  two  hours  before  circulating  cooling  water,  to  avoid  risk  of  formation  of  false 
grain. 

It  is  agreed24  that  the  heat-exchange  surface  for  the  cooling  elements  should  be  of  the  order 
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of  1  -2.5  mVm3  (0.3-0.8  sq. ft. /cu. ft. )of  capacity.  Honig  recommends  that  it  should  not 
exceed  2  m2/m3  (0.6  sq.ft./cu.ft.). 

Capacity.  In  Hawaii,  a  capacity  of  4.25  mVt.c.h.  (150  cu.ft./t.c.h.)  is  recommended  for 
water-cooled  crystallisers,  compared  with  8.5  (300)  for  ordinary  crystallisers,  for  C 
massecuite;  in  South  Africa243  a  total  of  5.4  mVt.c.h.  (190  cu.ft./t.c.h.)  for  all  massecuites. 
Baikow25  recommends  for  C  massecuite  2.25  mVt.c.h.  (80  cu.ft./t.c.h.),  plus  2  crystallisers, 
one  filling  and  one  emptying. 

Series,  The  series  of  Fives  Cail  -  Babcock  water-cooled  crystallisers  ranges  from  23  to  60 
m3  (800-2,100  cu.ft.)in  twelve  different  sizes.  The  S/V ratio  varies  from  1.05  to  1.7  m2/m3 
(0.3  -0.5  sq.ft./cu.ft.);  the  speed  is 1  r.  p.m.,  with  power  of  0.075  -  0. 1  kW/m3  (3  h.p./l,000 
cu.ft.). 

Vacuum  crystallisers.  In  the  operation  of  the  boiling  house,  it  may  be  necessary  to  hold 
in  reserve  storage  some  massecuites  or  magmas  to  be  reprocessed  later.  For  this  purpose 
cylindrical  crystallisers  are  used,  completely  closed  and  maintained  under  vacuum,  with  inlet 
pipes  for  syrup  or  molasses  and  sometimes  a  jacket  for  admission  of  steam,  condensates  be- 
ing withdrawn  from  below.  Speed  of  rotation  of  the  agitators  is  generally  1  r.p.m.  Apart 
from  these  features  and  the  thickness  of  the  walls,  these  crystallisers  present  no  particular 
features. 

Conditions  of  operation.  B.M.A.  recommend  that  the  difference  in  temperature  between 
the  massecuite  and  cooling  water  should  not  exceed  12°C  (22°F),  otherwise  crystals  of  sugar 
collect  on  the  cooling  elements  and  so  reduce  the  efficiency  of  heat  transfer. 

They  insist  also  that  the  cooling  elements  and  any  baffles  should  be  designed  so  as  to  avoid 
any  introduction  of  air  into  the  massecuite,  for  the  reason  indicated  above.  They  specify  also 
that  horizontal  crystallisers  do  not  operate  satisfactorily  unless  the  ratio  of  non-sucrose  to 
water  is  lower  than  3: 

_:?_ZjL  <  3  (34.14) 
100-5 

Above  that  value,  only  vertical  water-cooled  crystallisers  treat  massecuite  efficiently.  They 
do  not  give  rise  to  the  short-circuiting  which  occurs  in  horizontal  crystallisers,  allowing 
pockets  of  massecuite  to  stagnate  in  certain  corners,  at  the  expense  of  exhaustion  and 
regularity  of  crystals. 

Crystallisers  in  series.  When  a  battery  of  horizontal  crystallisers  is  available,  air-  or  water- 
cooled,  it  is  advisable  to  arrange  them  to  operate  in  series  rather  than  individually.  Assuming 
that  they  are  of  identical  design  and  dimensions,  they  should  then  be  located  so  that  each 
member  of  the  series  is  140  mm  (5^  in.)  higher  than  the  following  (Fig.  34.6).  The  massecuite 
thus  enters  at  one  end  of  the  first  unit,  leaves  at  the  far  end  and  overflows  by  a  gutter,  slightly 
inclined,  to  enter  the  second  unit;  continuing  in  the  same  way  from  the  second  into  the  third, 
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the  massecuite  circulates  alternately  to  and  fro  along  the  separate  crystallisers.  The  capacity 
of  the  units  is  thus  fully  utilised. 

This  arrangement  unfortunately  does  not  prevent  the  establishment  of  local  currents  and 
consequent  stagnation  of  massecuite  in  the  corners  of  the  tank.  This  fault  may  be  partially 
remedied  by  closing  off  and  covering  the  dead  corners  by  welded  plates.  For  the  same  reason, 
a  baffle  is  interposed  in  the  upper  part  of  each  tank  towards  the  middle  point,  to  avoid  local 
currents  and  oblige  the  massecuite  to  circulate  to  the  bottom  of  the  tank.  The  elliptical  or 
spiral  agitators  contribute  effectively  to  homogenising  the  massecuite.  Care  will  of  course  be 
taken  to  see  that  these  plates  across  the  dead  corners  do  not  interfere  with  the  rotation  of 
the  agitators. 

Werkspoor  crystalliser 

This  crystalliser  (Fig.  34.7)  has  an  exterior  form  similar  to  that  of  the  ordinary  crystalliser. 
However,  the  shaft,  instead  of  carrying  a  helix,  is  fitted  with  discs  (Fig.  34.8)  with  a  gap  in 
the  form  of  a  45°  or  60°  sector,  the  cut-out  parts  of  alternate  discs  being  spaced  180c  apart. 
Both  shaft  and  discs  are  hollow  and  designed  to  permit  circulation  of  water.  The  massecuite 
is  introduced  continuously  at  the  end  from  which  the  shaft  is  driven,  and  flows  along  the 
crystalliser  by  gravity,  passing  from  one  space  between  discs  to  the  next  by  means  of  the  open 
sector  of  the  disc,  and  overflows  at  the  opposite  end  of  the  crystalliser;  the  cooling  water 


Fig.  34.7.  Werkspoor  crystalliser. 


TYPES  OF  CRYSTALLISER 


739 


enters  at  the  latter  end,  which  is  thus  the  outlet  end  for  the  massecuite,  passes  in  succession 
through  all  the  discs,  and  returns  through  a  pipe  or  the  hollow  shaft  of  the  crystalliser  to  leave 
at  the  end  at  which  it  entered. 

This  is  therefore  a  countercurrent  circulation.  It  presents  the  advantage  that  the  hot 
massecuite  entering  comes  into  contact  only  with  water  which  has  already  been  heated,  and 
that  at  any  point  the  temperature  of  the  cooling  water  is  progressively  lower  as  the  massecuite 
becomes  cooled  (Fig.  34.9).  These  conditions  practically  eliminate  risk  of  false-grain  forma- 
tion. 


Power  required.  This  is  about  half  of  that  indicated  for  the  ordinary  crystalliser  (cf.  p. 
729).  Honig26  has  observed  that  the  power  for  Werkspoor  crystallisers  is  also  substantially 
lower  than  that  required  for  crystallisers  with  the  cooling  water  passing  through  tubes,  and 
is  of  the  order  of  half  the  requirements  of  the  latter,  whereas  the  heat  transmission  is  of  the 
same  order.  This  is  an  important  advantage  when  very  heavy  massecuites  are  being  treated. 

Quantity  of  water  required.  Let: 

To  -  temperature  of  the  massecuite  entering  the  crystalliser 
T  =  temperature  of  the  massecuite  leaving 
to  -  temperature  of  water  entering 
t    =  temperature  of  water  leaving. 
The  quantity  of  water  required  would  be  theoretically: 


Fig.  34.8.  Disc  of  Werkspoor  crystalliser. 


Fig.  34.8a,  Massecuite  baffles  in  Werkspoor. 


(To  -  T)c 


J  kg  df  water  per 'kg  of  massecuite 


(34.15) 


w  =   — 


t  -  to 


c    =  specific  heat  of  the  massecuite  =  0.44. 
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Cold  water 


MC 


Fig.  34.9.  Graph  of  temperatures  in  Werkspoor  crystalliser. 


In  practice,  we  shall  have: 


W  =  a  Vdc 


t  -  h 


(34.16) 


W  =  total  quantity  of  water  required,  in  kg/h  (lb./h) 

a   =  coefficient  taking  into  account  the  cooling  of  the  molasses  from  the  centrifugal  which 
is  added  to  the  massecuite:  a  value  of  1.15-  1.20  is  often  taken 

V  =  volume  of  massecuite  to  be  treated,  in  mVh  (cu.ft./h) 

d  =  density  of  the  massecuite  =  1,500  kg/m3  (94  Ib./cu.ft.). 
It  is  not  necessary  to  consider  losses  of  heat  during  the  cooling  operation,  because: 
(/)  The  water  circuit  is  completely  submerged  in  the  massecuite,  hence  the  efficiency  is 

practically  equal  to  unity. 

(2)  There  is  an  approximate  compensation  between  two  associated  thermal  phenomena, 

which  are  secondary  and  which  we  shall  neglect  for  this  reason,  namely: 

(a)  The  massecuite  is  also  cooled  through  the  outer  walls  of  the  crystalliser,  and  through 
its  surface  exposed  to  the  air. 

(b)  On  the  other  hand,  the  cooling  water  must  absorb,  in  addition  to  the  sensible  heat  of 
the  massecuite,  the  heat  of  crystallisation  of  the  sucrose  which  deposits  on  the  crystals  during 
the  process.  This  heat  of  crystallisation  generally  represents  from  8  to  10%  of  the  sensible 
heat  involved. 

However,  the  favourable  effect  (a)  is  generally  somewhat  greater  than  the  unfavourable 
effect  (b);  consequently  the  apparent  efficiency  is  slightly  greater  than  1. 
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In  practice,  it  is  found  that  the  quantity  of  water  used  is  of  the  order  of: 

w  =  0.75  -  0.80  kg/kg  of  massecuite 

or  approximately: 

w'  =  1.2  mVm3  of  massecuite 

Tromp27  gives  w  =  0.8  kg/kg,  and  the  figures  which  he  quotes  correspond  to  a  coefficient 
a  =  1.4.  He  adds  that  the  cooling  should  never  be  regulated  by  altering  the  ratio  of  water 
to  massecuite,  since  this  would  disturb  smooth  operation.  It  is  necessary  on  the  contrary  to 
maintain  this  ratio  at  0.8  weight  for  weight. 

Dilution.  To  facilitate  circulation  and  crystallisation,  the  massecuite  may  be  diluted  in  the 
crystalliser.  For  this  purpose  a  molasses  or  syrup  as  close  as  possible  to  the  mother  liquor 
of  the  massecuite  should  be  used,  for  example,  the  final  molasses  in  a  C  massecuite.  This 
is  fed  to  the  massecuite  by  a  pipe  above  the  crystalliser,  with  a  nozzle  above  each  disc.  Since 
these  nozzles  tend  to  become  blocked  after  stoppages  or  the  weekly  shutdown,  it  is  recom- 
mended that  the  pipe  be  replaced  by  a  notched  horizontal  trough,  with  a  notch  above  each 
disc  (or  better,  3  notches,  the  central  one  in  the  axial  plane  of  the  disc).  There  is  no  disadvan- 
tage in  continuing  this  dilution  to  the  outlet  end  of  the  crystalliser;  this  does  not  affect  the 
purity  of  the  molasses  from  the  centrifugals  if  the  molasses  used  for  dilution  is  close  to  the 
molasses  purity. 

Crystal  deposits.  The  walls  and  the  cooling  elements  tend  to  collect  deposits  of  sugar  which, 
on  the  elements,  interfere  with  heat  transmission  and,  on  the  walls,  may  end  up  by  falling, 
obstructing  the  outlets  and  causing  out-of-balance  loads  in  the  centrifugals.  This  disadvan- 
tage may  be  avoided  by  raising  the  temperature  of  the  cooling  water,  by  coating  the  walls 
with  epoxy  resin  and  by  installing  scrapers  against  the  discs. 

Sometimes  a  layer  of  denser  massecuite  adheres  to  the  discs:  this  may  be  due  to  too  rapid 
cooling.  It  can  be  detected  by  taking  a  sample  of  massecuite  from  the  disc  by  hand:  it  is  more 
viscous  than  the  body  of  the  material.  Warm  water  may  also  be  circulated  through  the  discs 
for  3  minutes  every  4  hours,  in  place  of  cold  water;  this  prevents  formation  of  this  thick  layer, 
as  well  as  deposition  of  sugar. 

Precautions.  It  is  necessary  to  feed  the  massecuite  into  the  side  where  the  disc  descends 
into  the  mass,  not  at  the  side  where  it  emerges.  If  the  crystalliser  is  filled  up  to  the  shaft, 
small  partitions  should  be  arranged  in  the  space  between  the  wall  of  the  tank  and  the  discs, 
in  the  plane  of  the  discs. 

Cooling  surface.  The  cooling  surface  should  be  proportional  to  the  capacity  of  the 
crystalliser,  or  more  precisely,  to  the  quantity  of  massecuite  to  be  cooled  per  hour.  It  depends 
also  on  the  massecuite  temperature  entering  the  crystalliser,  the  temperature  of  cooling  water 
available,  the  degree  of  cooling  required,  etc.  Tromp  indicates  as  optimum  the  temperatures 
which  we  quote  in  Table  34.5  and  which  we  have  used  in  the  graph  of  Fig.  34.9. 


742 


CRYSTALLISATION 


Ch.  34 


TABLE  34.5 

WATER-COOLED  COUNTERCURRENT  CRYSTALLISERS:  OPTIMUM  TEMPERATURES  (TROMP) 


CO  CF) 

Massecuite  entering                    68  154 

Massecuite  leaving                     34  93 

Water  entering                           30  86 

Water  leaving                             54  129 


Generally,  the  values  for  vacuum  which  we  have  recommended  will  give  massecuites  leav- 
ing the  pans  at  75  -  80°C  (167  -  176°F),  and  which,  even  after  a  period  in  the  storage  mixer, 
will  still  be  at  70-  75°C  (158  -  167°F).  On  the  other  hand,  cooling  the  massecuite  below  40°C 
(104°F)  is  often  not  attempted;  and  the  temperature  of  cooling  water  is  not  a  matter  of 
choice. 

The  true  coefficient  of  heat  transfer  in  a  Werkspoor  has  been  established  by  the  experiment 
station  of  Java  and  reported  by  Honig28,  who  had  participated  in  the  determinations. 
It  was  of  the  order  of: 

k  =  35-50  kcal/mV°C/h  (7- 10  B.T.U./sq.ft./°F/h) 

on  massecuites  of  high  purity  ( >  70)  with  a  new  and  clean  crystalliser.  A  similar  determina- 
tion, made  in  Australia29  on  C  massecuites,  with  rather  older  crystallisers  with  some  scaling, 
has  given: 

k  =  12  kcal/m2/°C/h  (2.5  B.T.U./sq.ft./°F/h) 

However,  taking  into  account  the  favourable  factors  indicated  above,  designers  generally 
apply,  for  the  simplified  method  of  calculation  corresponding  to  eqn.  (34. 17),  more  optimistic 
apparent  coefficients  as  given  in  Table  34.6.  We  add  values  which  we  consider  it  is  prudent 
to  use  when  considering  performance  over  a  normal  period  of  years. 

It  is  important  moreover,  to  point  out  that  while  with  ordinary  crystallisers  the  rotational 
speed  has  little  influence  on  crystallisation,  with  water-cooled  crystallisers,  on  the  other 
hand,  it  does  affect  the  heat-transfer  coefficient30. 

TABLE  34.6 

APPARENT  HEAT-TRANSFER  COEFFICIENT  FOR  WERKSPOOR  CRYSTALLISERS,  IN  kcal/m2/°C/h 

(B.T.U./sq.ft./°F/h) 


Used  by 

Recommended 

manufacturers 

For  A  massecuites 

75(15) 

40-60  (8-12) 

For  B  massecuites 

65  (13) 

35-50  (7-10) 

For  C  massecuites 

25  (  5) 

25  (5) 
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Calculation  of  cooling  surface.  We  have: 


Vdc  To  -  T  To  -  t 

S  =  a  '     In   (34.17) 

k      (To  -  t)  -  (T  -  to)         T  -  to 

S   =  cooling  surface  of  the  Werkspoor,  in  m2(sq.ft.) 

a  =  factor  taking  into  account  the  diluting  molasses  added 

V  =  volume  of  massecuite  (before  dilution),  in  1/h  (cu.ft./h) 

d  =  specific  gravity  of  the  massecuite  =  1.5 

c    =  specific  heat  of  the  massecuite  =  0.40-0.44 

k   =  heat-transfer  coefficient,  given  by  Table  34.6 

To  =  temperature  of  the  massecuite  entering  the  apparatus,  in  °C  (°F) 

T  =  temperature  required  for  massecuite  leaving,  in  °C  (°F) 

=  inlet  temperature  of  cooling  water,  in  °C  (°F) 
t    =  outlet  temperature  of  water,  in  °C  (°F) 
We  assume  generally: 


To  =  75 °C  (167°F) 

T  =  40°C  (104°F)    and    a  =  1.15 

t    =  50°C  (122°F) 

We  would  recall  that: 


In  x  =  2.3  log  x 


Cooling  time.  In  the  cane  sugar  factory,  the  cooling  times  allowed  are  generally  as  given 
in  Table  34.7. 


TABLE  34.7 


COOLING  TIMES  GENERALLY  ALLOWED  IN  WERKSPOORS 


A  massecuite  (if  boiling  3  massecuites)  l\  h 

1st  massecuite  (if  boiling  2  massecuites)  2  h 

B  massecuite  (if  boiling  3  massecuites)  2  h 

C  or  final  massecuite  12-15  h 


Standard  dimensions.  The  Werkspoor  licence  for  France  has  been  acquired  by  the  Com- 
pagnie  de  Fives  Lille.  This  firm  manufactures  crystallisers  for  A  massecuite  of  which  the 
diameter  D  is  either  2.8  or  4  m.  The  discs  have  an  outside  diameter  D '  about  20-30  mm 
(1  in.)  less  than  the  interior  diameter  D  of  the  vessels  (D '  =  2.78  m,  for  example,  for  a 
crystalliser  of  D  =  2.80  m).  The  open  sector  of  the  discs  is  45°  or  60°,  and  their  unit  cooling 
surface  s  may  be  calculated  approximately  by: 

(a)  45°  sector,  square  arms: 
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5  =  (1  +  0.1  D)D'2  (1  +  0.03 D)D'2  (34.18) 

5    =  cooling  surface  of  one  disc,  in  m2  (sq.ft.) 
D' -  exterior  diameter  of  a  disc,  in  m  (ft.) 
D  =  inside  diameter  of  vessel,  in  m  (ft.). 
(b)  60°  sector,  round  shaft: 

s  =  1.225Z)'2 

The  height  of  massecuite  level  above  the  axis  is  about  1/20-1/10  of  the  diameter. 
However,  the  capacity  of  the  crystalliser  is  generally  estimated  as  if  the  tank  contained  no 
discs,  shaft,  or  pipes  and  assuming  that  the  massecuite  level  was  limited  to  the  axis  (which 
amounts  to  assuming  that  the  volume  of  massecuite  above  the  axis  compensates  for  the 
volume  occupied  by  the  shaft,  the  discs,  etc.).  For  the  working  volume,  so  defined  per  unit 
length  of  the  tank,  we  have  therefore: 

u  =         =  0.3927D2  (34.19) 

u    =  theoretical  working  volume  per  unit  length  of  the  crystalliser,  in  mVm  (cu.ft./ft.) 
D  =  diameter  or  interior  width  of  the  tank,  in  m  (ft.). 

In  the  latest  models,  where  the  level  of  massecuite  is  kept  well  above  the  shaft,  generally 
about  0. 3  D  above  the  shaft,  the  useful  volume  of  massecuite  above  the  axis  may  be  reckoned 
as  0.3D2L. 

The  tank  of  the  crystalliser  is  generally  proportioned  so  that  the  length  is  about  3-3.5 
times  its  diameter,  without  allowing  this  secondary  consideration  to  override  the  eventual  re- 
quirements of  space  required  and  difficulties  of  installation. 

The  space  between  discs  increases  from  inlet  to  outlet  of  massecuite,  but  the  mean  value 
of  this  spacing  should  not  fall  below  20  cm  (8  in.).  It  is  determined,  by  the  formula: 

e  =  L  -  0.5  (1  +  p)  (L  -  1.6  (1  +  p)  \  (M  2Q) 

n  —  1  —  p  \    n  -  1  -  p  I 

e   =  average  spacing  between  discs,  in  m  (ft.) 

L  =  total  length  of  the  crystalliser  tank,  in  m  (ft.) 

p   =  number  of  intermediate  bearings  (the  length  between  bearings  should  be  at  least  3  m 

(10  ft.)  and  at  most  6  m  (20  ft.)) 
n    =  number  of  discs  (which  should  always  be  an  odd  number). 

For  equal  performance,  it  is  more  expensive  than  a  vertical  crystalliser,  due  to  the  cost  of 
fabricating  the  discs. 

Design  of  a  Werkspoor  crystalliser.  Data.  We  shall  assume  we  are  dealing  with  a  factory 
working  at  200  t.c.h.,  employing  a  3-massecuite  double-magma  system,  and  obtaining  125 
1  (4.5  cu.ft.)  of  A  massecuite  per  t.c.  We  require  to  calculate  the  dimensions  of  a  Werkspoor 
crystalliser  intended  to  treat  the  A  massecuite. 
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Volume  and  dimensions  of  the  Werkspoor.  The  quantity  of  massecuite  to  be  treated  is  125 
I/t.c,  or  a  total  volume  of: 

V  =  125  x  200  =  25,000  1/h         (900  cu.ft./h) 

which  will  be  increased  by  the  addition  of  molasses  for  diluting  to: 

V  =   1.15  X  25,000  =  28,750  1/h         (1,035  cu.ft./h) 

The  time  for  cooling  will  be  1  hour  30  min,  according  to  Table  34.7.  Hence  the  capacity  of 
the  crystalliser: 

C  =  28,750  x  1.5  =  43,125  1         (1,552  cu.ft.) 

We  assume  the  choice  of  a  Fives  Cail  -  Babcock  Werkspoor.  These  are  supplied  in  only  two 
diameters:  2.8  and  4  m  (9.2  and  13  ft.).  The  4-m  size  being  much  too  large  for  a  factory  of 
200  t.c.h.,  we  choose  the  smaller  size.  The  discs  will  thus  have  a  diameter  of  2.78  m,  and 
the  useful  volume  of  the  crystalliser  will  be: 

(a)  The  lower  half-cylinder:  u'  =  0.3927  £>2L 

(b)  The  volume  above  the  shaft:  u"  =  0.30 D2L 

Hence: 

V  =  (0.3927  +  0.30)  D2L  =  0.6927 Z^L 

and  we  require: 

V  =  0.6927  x  2.82  x  L  =  43,125  1         (1,552  cu.ft.) 

To  find  the  useful  volume,  we  deduct  the  volume  lost,  due  to: 

(a)  The  shaft;  we  assume  it  cylindrical,  of  0.30  m  diameter: 

v'  =  0.7854  X  0.32  =  0.0707  mVm 

(b)  The  discs;  we  assume  that  they  are  spaced  at  intervals  of  200  mm,  the  minimum  value 
generally  employed,  and  have  a  thickness  of  50  mm.  Thus  there  are  5  per  m;  if  the  open  gap 
is  45°,  the  volume  occupied  by  the  discs  will  be: 

v"  =  0.7854  x  2.782  x  ^Jx  0.05  X  5  =  1.3278  mVm 

360 

The  total  volume  lost  is  thus: 


v'  +  v"  =  0.0707  +  1.3278  =  1.3985  mVm 
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The  useful  volume  is  thus: 

(0.6927  x  2.82  -  1.3985)  L  =  43.125  m3         L  =  ^       =  10.70  m  (35.78  ft.) 

Cooling  surface.  If  we  assume  that  the  massecuite  has  cooled  to  70°C  (158°F)  in  the 
storage  mixer,  and  that  cooling  water  is  available  at  25  °C  (77°F),  and  if  we  accept  50° 
(112°F)  as  the  exit  temperature  of  the  warm  water,  and  assume  a  heat-transfer  coefficient 
of  60  kcaI/m2/°C/h  (12  B.T.U. /sq.ft. /°F/h),thecooling  surface  required  (eqn.  (34.17),  tak- 
ing 0.4  as  the  specific  heat  of  the  massecuite,  will  be: 

.  1C     25,000  x  1.5  x  0.4  70  -  40  ,  ,  70  -  50 

s  =   1.15  x  x  x  In  = 

60  (70  -  50)  -  (40  -  25)        40  -  25 

=  495  m2  (5,430  sq.ft.) 

Surface  area  of  a  disc.  (360°  -60°  =  300°). 

s  =  1.225  X  — 5  x  2.782  =  9.94  m2         (107  sq.ft.) 
Number  of  discs. 


n  — 


9.94 


=  49.8 


(Calculation  in  British  units  gives  50.7.)  We  assume  51  discs.  Checking  the  mean  spacing 
(eqn.  (34.20)),  we  have: 

e  =   =  0.198  m         (0.66  ft.) 

51  -  l 

To  avoid  a  spacing  closer  than  200  mm,  we  make  the  length  of  the  crystalliser  10.80  m  (35.4 
ft.). 

Water  consumption.  We  have  (eqn.  (34.16)): 

W  =  1.15  X  25,000  x  0.4  x  Z2_ZJ*9  x  1.5  =  20,700  1/h         (46,500  lb./h) 

50  —  25 


It  is  seen  that  with  the  temperatures  adopted,  the  quantity  of  cooling  water  necessary  is 
approximately  1  1  per  h  for  each  1/h  of  massecuite  to  be  cooled.  In  other  words,  the  volume 
of  water  required  is  roughly  equal  to  the  volume  of  massecuite  to  be  cooled. 
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Checking  an  existing  Werkspoor.  When  a  Werkspoor  is  installed  and  it  is  desired  to  know 
what  temperatures  of  massecuite  and  water  it  would  give  for  the  quantities  of  massecuite  to 
be  cooled  and  with  the  available  cooling  water,  we  have: 

{ P__S—ll   =    g     (kS/nVdc)  +  (kS/W)  =  m 

To  -  t 

t  -  to       uVdc  _ 

(the  symbols  having  the  same  values  as  in  eqns.  (34.16)  and  (34.17);  hence  we  have: 

T  =  to  +  m  (To  -  t) 


t  =  to  +  r{T0  -  T) 

Solving  for  Tand  t: 


tn  (I  -  m)  +  mTn  fl  -  r) 
T  =  (34.21) 
1  -  mr 


t  =  h  +  r(T0  -  T) 

We  may  recall  that: 

(1)  Ify  =  e~x,  then  -  x  =  \ny  =  2.3  logy 

(2)  Log  ex=-  0.4343* 

(3)  If  a  negative  logarithm  is  found,  for  example,  log  a  =  -  0.372,  we  shall  write:  log 
a  =  T.628. 


Results.  Table  34.8  gives  some  results  which  we  have  obtained,  operating  with  3 
massecuites,  with  a  Werkspoor  handling  the  first  2  massecuites,  A  and  B: 

TABLE  34.8 


EXAMPLE  OF  RESULTS  WITH  A  WERKSPOOR  CRYSTALLISER 


A  massecuite         B  massecuite 


When  dropped  from  pans 

Brix  of  massecuite  94.4  95.6 

Apparent  purity  of  massecuite  80.2  65.5 

Apparent  purity  of  mother  liquor  61.5  50.1 

Leaving  the  Werkspoor 

Purity  of  molasses  (no  washing)  56.7  46.2 

Total  purity  drop  23.5  19.3 

Purity  drop  of  molasses                                             4.8  3.9 

Temp,  of  mass,  entering  crystalliser,  in  °C  (°F)  72.5  (163)  72  (162) 

Temp,  of  mass,  leaving  crystalliser,  in  °C  (°F)  46    (115)  48  (118) 

Temperature  of  cooling  water,  in  °C  (°F)  24    (  75)  27    (  81) 

Cooling  time  1  h  40  min  1  h  45  min 
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In  Java31  figures  of  the  following  order  were  reported: 

Cooling:  25 °C  (45°F)  in  a  period  of  2  h  30  min 

Purity  drop  of  the  mother  liquor:  5° 

Storage  vessel.  Since  the  Werkspoor  operates  continuously,  and  the  pans  batchwise,  it  is 
obviously  necessary  to  provide  an  intermediate  vessel  to  receive  the  massecuite  between  the 
pans  and  the  Werkspoor. 

For  this  duty  an  ordinary  mixer  is  used  (or  sometimes  two).  It  is  necessary  that  its  capacity 
should  be  1 .5  times  that  of  the  largest  pan  discharging  into  it. 

Spacing  between  discs.  We  know  that: 

(1)  The  speed  of  crystallisation  is  greater  at  higher  temperatures. 

(2)  This  speed  increases  with  the  supersaturation,  but  in  practice  attains  a  maximum  at  a 
relatively  low  supersaturation 

(3)  Viscosity  increases  with  supersaturation 

It  is  therefore  of  advantage  to  work  with  a  relatively  low  supersaturation  and  to  cool  as 
rapidly  as  possible  the  hot  massecuite  at  the  inlet,  since  it  permits  of  a  maximum  rate  of 
crystallisation. 

It  is  for  this  reason  that  the  Werkspoor  progressively  increases  the  spacing  between  cooling 
discs  from  the  massecuite  entry  to  the  massecuite  outlet. 

Reheating.  The  massecuite  is  reheated  before  fugalling,  with  the  object  of  reducing  its 
viscosity.  The  Werkspoor  is  well  adapted  to  this  operation;  it  is  sufficient  to  provide  a  little 
extra  length,  so  as  to  enable  three  or  four  reheating  discs  to  be  placed  after  the  cooling  discs. 
The  calculation  for  this  reheating  portion  is  made  in  a  similar  manner  to  that  for  the  cooling 
portion.  However,  the  reheating  should  be  rapid  and  of  short  duration;  hence  the  reheating 
discs  are  placed  close  together. 

In  order  to  avoid  re-solution  of  sugar  in  the  neighbourhood  of  the  heating  surface,  it  will 
be  advisable  to  use,  both  in  the  Werkspoor  and  in  any  other  reheating  equipment  used  before 
fugalling,  a  heating  medium  of  relatively  low  temperature,  for  example,  bled  vapour  at  about 
75°C  (167°F)  (or  46-48  cm  (18-  19  in.)  vacuum),  or  preferably  water  at  a  temperature  very 
slightly  above  the  saturation  temperature  of  the  massecuite.  Payne32  estimates  that  this  water 
should  not  be  at  a  temperature  higher  than  2°C  (4°F)  above  the  saturation  temperature,  to 
avoid  risk  of  local  overheating. 

Use  of  the  Werkspoor.  Compared  with  ordinary  crystallisers,  the  Werkspoor  offers  the  ad- 
vantage of  taking  up  much  less  space  and  of  improving  the  exhaustion.  The  latter  advantage 
is  perhaps  most  marked  with  A  and  B  massecuites;  with  final  massecuite,  its  use  is  somewhat 
more  critical.  However,  notably  in  Queensland,  it  is  normally  used  with  low-grade  massecuit- 
es, and  with  excellent  results  when  used  with  efficient  reheating  arrangements. 

Vertical  cooler-crystallisers 

Massecuites  leave  the  vacuum  pans  at  75  -80°C  (165  -  175°F).  If  these  are  ordinary  batch 
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pans,  the  massecuite  goes  to  holding  crystallisers,  where  it  cools  to  about  70-75°C 
(160-  165°F)  and  from  which  it  goes  to  the  crystallisers  proper.  If  the  pans  are  of  continuous 
type,  the  massecuite  can  go  directly  to  the  crystalliser.  Ii  is  generally  cooled  to  about  40°C 
( 105° F)  but  is  then  too  viscous  for  centrifuging.  It  is  then  reheated  to  50  -  52°C  (122  -  125°F) 
for  feeding  to  the  centrifugals. 

The  solubility  of  sucrose  decreases  progressively  as  the  temperature  is  reduced,  and  as  mix- 
ing favours  contact  between  crystals  and  mother  liquor,  its  passage  through  the  crystallisers 
permits  completion  of  formation  of  crystals  and  exhaustion  of  the  molasses.  The  most  effec- 
tive equipment  for  performing  this  function  is  the  vertical  crystalliser-cooler.  Werkspoor 
crystallisers  would  perform  this  function  equally  well  but,  for  equal  capacity,  they  are  ap- 
preciably more  expensive. 


Fig.  34.10  View  of  the  upper  bank  of  cooling  elements  of  a  vertical  crystalliser. 
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Description.  Vertical  crystallisers  are  manufactured  by  SEUM  and  Fives  Cail  —  Babcock 
in  France,  by  B.M.A.  in  Germany,  and  in  several  other  industrial  sugar  countries. 

They  consist  of  a  cylindrical  tank  with  a  vertical  axis,  in  steel  plate  8-12  mm  in  thickness, 
3.60-  5.20  m  (12-  17  ft.)  in  diameter  and  7  -  16  m  (23  -  52  ft.)  in  height.  The  roof  of  the 
tank  supports  the  drive  gear  for  the  stirrers  and  also  provides  a  man  door  and  massecuite 
entry.  A  vertical  shaft,  consisting  of  a  large-diameter  pipe,  is  suspended  from  a  substantial 
bearing  and  supported  at  the  bottom  by  a  thrust  bearing;  it  carries  at  regular  intervals  several 
groups  of  horizontal  stirrers  covering  practically  the  full  interior  diameter  of  the  tank,  alter- 
nate stirrers  being  set  at  90°  spacings.  In  the  French  designs,  the  cooling  elements  consist  of 
horizontal  layers  of  parallel  pipes,  6  -  19  in  number,  connected  by  U-bends  and  filling  the 
interior  circle  of  the  crystalliser  (Fig.  34.10).  These  layers  of  tubes  are  connected  one  to  the 
other  by  pipes  outside  the  crystalliser.  In  neighbouring  layers,  the  pipes  are  alternately  at  90° 
to  those  above  and  below. 

In  the  B.M.A.  equipment,  the  cooling  elements  consist  of  discs  with  a  gap  of  30  or  60°, 
consisting  of  two  sheets  of  metal  separated  by  vertical  ribs  in  the  form  of  concentric  circles 
covering  the  major  part  of  the  remaining  300  or  330°,  and  forcing  the  water  to  cover  prac- 
tically the  full  surface  of  the  disc  (Fig.  34.11).  The  elements  are  connected  in  series  by  suitable 
pipes,  and  the  30  -  60°  gaps  are  displaced  in  successive  discs  by  90°  in  the  anticlockwise  direc- 
tion. The  agitator  immediately  below  rotating  in  the  clockwise  direction  thus  assists  the 
massecuite  flow  to  pass  to  the  lower  stage  by  the  gap  in  the  disc.  In  the  case  of  an  upward- 
flow  crystalliser,  the  displacement  of  the  gap  in  the  disc  is  in  the  opposite  direction,  that  is, 
clockwise.  The  pipes  are  of  76.2  mm  (3")  diameter,  and  thickness  2.9  mm. 

In  the  Fives  Cail  -  Babcock  and  SEUM  crystallisers,  the  drive  of  the  stirring  gear  is  ef- 
fected by  means  of  3  pins  fixed  on  a  disc  at  120°,  actuated  by  2  jacks  which  act  alternately 
on  these  pins  producing  a  60°  movement,  thus  giving  a  complete  revolution  in  6  such 
movements.  The  jacks  are  actuated  by  a  hydraulic  system  powered  by  electrically  driven 
pumps  serving  the  group  of  crystallisers.  In  the  SEUM  drive,  the  driving  disc  is  controlled 
by  a  clutch,  the  setting  of  which  may  be  regulated  according  to  the  resistance  offered  by  the 


Water  inlet  Water  outlet 


Fig.  34.11.  Horizontal  section  of  a  cooling  disc  of  a  B.M.A.  vertical  crystalliser  with  discs. 
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massecuite;  thus  the  degree  of  tightness  of  the  massecuite  may  be  controlled.  The  stirrers  do 
not  stop,  as  a  valve  slows  the  mechanism  down  when  it  approaches  the  maximum  resistance. 
The  B.M.A.  drive  is  effected  by  an  electric  motor  with  reducing  gear.  A  "diluter"  is  mounted 
on  top  of  the  crystalliser;  this  communicates  with  the  different  stages  by  exterior  pipes,  and 
permits  dilution  with  molasses  or  water. 

Particulars  of  the  Fives  Cail  -  Babcock,  SEUM  and  B.M.A.  are  given  in  Tables  34.9,  34.10 
and  34.11,  respectively.  The  Fives  Cail -Babcock  series  offers  adjustable  speed  up  to  0.6 
r.p.m.,  while  the  B.M.A.  series  offers  a  choice  of  2  heat-exchange  surfaces  for  each  size  of 
crystalliser. 


TABLE  34.9 


FIVES  CAIL  -  BABCOCK  VERTICAL  CRYSTALLISER-COOLER 


Capacity  (m3) 

80 

100 

120 

150 

175 

200 

300 

Height  (m) 

7 

8.2 

9.7 

11.7 

13.6 

11.3 

16 

Diameter  (m) 

4.45 

4.45 

4.45 

4.45 

4.45 

5.20 

5 

Rows  of  tubes 

6 

7 

8 

13 

15 

12 

19 

Heat-exchange  surface  (m2) 

86 

100 

115 

187 

218 

250 

375 

Power  (kW) 

11 

15 

15 

19 

22 

26 

38 

TABLE  34.10 


SEUM  VERTICAL  CRYSTALLISER-COOLER  HEATERS 


Capacity  (m3) 

150 

179 

200 

227 

275 

310 

Height  of  massecuite  (m) 

10. 

11.95 

13.50 

10 

12.10 

13.70 

Diameter  (m) 

4.50 

4.50 

4.50 

5.50 

5.50 

5.50 

Rows  of  tubes 

12 

15 

17 

12 

15 

17 

Heat-exchange  surface  (m2) 

190 

237 

269 

293 

366 

415 

Torque  (m  kg) 

17,000 

25,000 

30,000 

30,000 

40,000 

40,000 

Power  (kW) 

15 

19 

23 

23 

38 

38 

TABLE  34.11 

B.M.A.  VERTICAL  CRYSTALLISER-COOLER 


Capacity  (m3)  100  150  185 

Height  (m)  10  12  12 

Diameter  (m)  3.6  4.5  4.5 

Heat-exchange  surface  (m2)  93  or  186  150  or  300  175  or  350 

Power  (kW):  n  =  0.8  r.p.m.  11  15  15 

n  =  0.55  r.p.m.  7.5  11  11 
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Application.  Vertical  crystallisers  may  be  grouped  in  series;  they  are  often  installed  in 
threes,  the  massecuite  descending  in  the  first,  rising  in  the  second,  and  descending  again  in 
the  third;  this  avoids  pumping  between  the  different  units.  However,  since  the  density  of 
massecuite  increases  as  it  cools,  it  is  more  logical  to  pump  it  to  the  top  and  let  it  descend 
in  all  units.  The  three  cooling  units  may  be  followed  by  a  fourth  used  for  reheating  before 
fugalling,  in  which  the  massecuite  naturally  rises  while  being  heated. 

The  temperature  sought  in  cooling  massecuites  is  of  the  order  of  40°C  (105°F).  To  obtain 
such  a  result  with  low-grade  material,  it  is  essential  that  cooling  should  be  slow.  Generally, 
it  is  recommended  that  the  cooling  rate  should  not  be  greater  than  0.8-  I°C  (1.5-  1.8°F) 
per  hour,  which  requires  36  -  50  hours,  and  limits  the  mean  temperature  difference  between 
massecuite  and  water  to  15°C  (27°F).  The  volume  of  vertical  crystallisers  facilitates  maintain- 
ing these  conditions.  If  a  temperature  difference  of  25°C  (45°F)  could  be  tolerated,  a  cooling 
rate  of  3°C/h  (5°F/h)  could  be  maintained.  Some  authors  state  that  a  rate  of  2°C/h 
(3.5°F/h)  could  be  maintained  without  producing  false  grain,  while  maintaining  a  super- 
saturation  of  1.2.  Care  should  be  observed  in  attempting  this;  according  to  B.M.A., 
massecuites  with  a  ratio  of  4.5  of  non-sugars  to  water  may  be  treated  without  difficulty, 
which  indicates  the  high  efficiency  of  their  equipment. 

Advantages.  Vertical  crystallisers  appear  destined  to  replace  other  types,  even  the 
Werkspoor,  on  account  of  their  advantages: 

(a)  Large  volume  for  small  floor  space  occupied 

(b)  Suitability  for  installation  out  of  doors 

(c)  High  efficiency,  due  to  better  contact  between  massecuite  and  heat-exchange  surface 
(high  S/V) 

(d)  Facility  of  automatic  regulation 

(e)  Little  or  no  short-circuit  flow 

(/"/Very  good  thermal  efficiency,  leading  to  improved  purity  of  molasses 
(g)  The  efficacy  of  these  crystallisers  is  such  that  a  viscosity  of  12,000-  13,000  poises  may 
be  obtained  in  the  outgoing  massecuite;  normally  a  value  of  9,000 —  10,000 is  readily  obtained 
(/?)Cost  is  reduced. 

When  two  or  three  crystallisers  are  available,  one-third,  half  or  two  thirds  of  the  last  one 
may  be  used  for  reheating  the  massecuite  before  centrifuging. 

Design  for  vertical  crystallisers  for  C  massecuites 

We  consider  here  the  requirements  for  a  vertical-crystalliser  station  for  cooling  and  reheating 
of  C  massecuite;  conditions  assumed  are  a  factory  of  250  t.c.h.  producing  40  1  of  C 
massecuite/t.c.  (1.43  cu.ft./t.c),  or  10,000  1/h,  amounting  to  11,500  1/h  (415  cu.ft./h)  by 
addition  of  15%  of  molasses  for  dilution.  The  temperature  of  massecuite  from  the  pan  is 
assumed  as  75°C  (165°F),  to  be  cooled  to  40°C  (105°F)  and  then  reheated  to  50°C  (110°F) 
before  fugalling.  At  1°C  per  hour,  we  require  35  hours,  hence  a  crystalliser  capacity  of  400 
m3  (14,200  cu.ft.). 

If  we  choose  crystallisers  ofthe  SEUMorFive  Cail  -  Babcock  type  of  150m3  (5,300cu.ft.) 
each,  we  require  3  units  of  150  m3  (D  =  4.45  m,  H  ~  10.5  m),  of  which  the  first  two  would 
be  used  for  cooling  and,  of  the  third  unit,  one-third  would  be  used  for  cooling  and  the  re- 
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maining  two-thirds  for  reheating.  Following  the  recommendations  above,  these  would  be  ar- 
ranged for  downward  flow  in  the  first  and  second  units,  with  a  pump  between,  and  upper 
flow  in  the  third  unit,  which  is  connected  to  the  bottom  of  the  second  by  a  very  short  pipe. 

These  crystallisers  have  12  or  13  layers  of  heat-exchange  tubes  each  of  14.4-  15. fi  m2 
(155  -  170  sq.ft.)  of  heat-exchange  surface,  or  a  total  of  190  m;  (2,044  sq.ft.)  per  crystalliser. 
In  these  designs  approximately  1  m2  of  tube  surface  is  installed  per  m3  of  cross-section  of 
the  equipment.  The  interval  between  layers  of  tubes  is  approximately  800  mm  (32  in.)  The 
heat-transfer  coefficieni  may  be  taken  as  25  -3C  kcal/mV°C/h  (5-6  B.T.U./sq.ft./°F/h) 
for  the  tubular  units,  and  10  (2)  for  the  walls  of  the  tank. 

Cooling.  Since  the  areas  of  walls  and  tubes  increase  linearly  along  the  travel  of  the 
massecuite,  we  can  add  the  effects  of  the  two  coefficients,  while  remembering  that  they  apply 


Fig.  34.12  Series  of  three  vertical  crystallisers  (H.M.A  ). 
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to  different  areas.  For  the  reheating,  on  the  other  hand,  only  the  former,  for  tubes,  is  rele- 
vant. 

The  upper  limit  permissible  for  the  temperature  difference  between  massecuite  and  water 
is  15°C  (27°F)  otherwise  crystals  may  deposit  on  the  tubes  and  cause  a  marked  drop  in  effi- 
ciency of  heat  transfer.  Accepting  this  figure,  we  design  for  a  temperature  of  60°C  (140°F) 
for  the  water  leaving  the  crystalliser,  with  water  entering  at  25°C  (77°F). 

The  area  of  tubes  for  cooling  is  190  x  2.3  =  437  m  (4,700  sq.ft.)  and  the  area  of  the 
walls  tt£>  x  10.5  x  2.3  =  338  m2  (3,635  sq.ft.). 

The  heat  quantity  (total  heat  transfer  per  hour)  coming  into  play  is: 


11,500  X  1.5  X  0.44  (75  -  40)  =  265,450  kcal/h  (1,071,566  B.T.U./h) 
This  corresponds  to: 

(a)  Tube  layers:  437  X  15°  X  25  =  163,875  kcal/h  (  649,728  B.T.U./h) 

(b)  Walls:  338  x  30°  x  10  =  101,400  kcal/h  (  402,284  B.T.U./h) 


265,275  kcal/h  (1,052,012  B.T.U./h) 

We  assume  a  temperature  difference  of  30°C  (54°F)  for  the  walls,  taking  the  mean 
massecuite  temperature  as  0.5(75  +  40)  =  57.5°C  (135. 5°F),  and  ambient  temperature  as 
27.5°C  (81.5°F). 

Quantity  of  water  required.  The  quantity  of  water  to  be  used  per  kg  of  massecuite  is: 

(75  -  40)  0.44 

w  .  i —   _i — _  =  (j,44<<  Rg/kg  massecuite 

60  —  25 

and  the  total  quantity: 

W=  11,500  x  1.5  X  0.44^5  ~  ^  =  7,590kg/h  (17,000  lb./h) 

0.44  =  specific  heat  of  massecuite 

1.5    =  density  of  massecuite  (93.6  lb./cu.ft.). 

Reheating.  If  we  wereto  use  for  reheating  the  water  leaving  crystalliser  No.  1,  the  quantity 
would  be  insufficient  to  obtain  the  required  temperature  rise  of  10°C  (18°F).  It  will  be 
necessary  to  pass  this  water  through  a  small  heater  to  raise  its  temperature  to  something 
above  60°C  (HOT)  and  compensate  the  quantity  by  the  higher  temperature.  The  water  will 
in  any  case  lose  10°C,  since: 


7,590  kg  water  X  10°C  =  11,500  x  1.5  x  0.44  (50  -  40)  =  75,900  kcal 
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It  is  a  question  of  finding  to  what  temperature  t '  this  water  should  be  heated  to  obtain 
the  10°C  rise  required,  by  means  of  the  133  m2  of  crystalliser  surface  reserved  for  reheating. 
As  the  coefficient  of  heat  transfer  is  30  kcal/m2/°C/h  (6  B.T.U./sq.ft./°F/h),  and  the  mean 
temperature  of  the  massecuite  between  40  and  50°C  is  45°C,  we  require: 

133  X  30  (f-  45)  =  75,900         f  =  64°C  (147°F) 

It  will  be  sufficient  to  heat  the  water  from  60  to  64°C  (140  to  147°F)  in  order  to  heat  the 
massecuite  to  50°C.  Care  will  be  taken  to  insulate  the  upper  two-thirds  of  the  reheating 
crystalliser. 

Coefficients.  We  recall  the  values  of  the  heat-transfer  coefficients  involved  in  these  calcula- 
tions, with  the  possible  range  of  variations  in  practice: 

Specific  heat  of  massecuite: 


Used  in  calculations:  0.44 

Quoted  by  Honig33  0.525  ,  0.45  -  0.50 

Quoted  by  other  authors:  035-0.4 


Precise  values  may  be  calculated  by  formulae  (33.48)  and  (36.3). 


Heat-transfer  coefficient: 


(kcal/m2/°C/h)  (B.T.  V./sq.ftJ°F/h) 

Tubes  (heating  or  cooling):  25-30  5-6 

Walls:  10  2 


Precise  figures.  When  the  temperatures  differ  by  more  than  those  assumed,  the  simple 
calculation  above  is  not  satisfactory.  It  is  then  necessary  to  use  the  precise  formulae: 
Heat  transferred  to  the  massecuite: 

M  =  aVdc  {T0  -  T) 

Heat-exchange  surface  required: 

.      aVdc  To  -   T  To  -  t 

S  =  In  

k     (To  -  t)  -  (T  -  to)         T  -  to 


The  calculation  is  often  made  also  in  the  following  manner:  the  logarithmic  mean 
temperature  Atm  between  hot  and  cold  massecuite  is  calculated: 

{To  -  t)  -  (T  -  to)  M 

&t   —  o  

m      ,       To  -  t  k  At 

In   -  m 

T  -  to 
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S  =  heat-exchange  surface,  in  m2  (sq.ft.) 

a   -  coefficient  taking  into  account  the  diluting  molasses  added 

TO  =  massecuite  temperature  at  entry,  in  °C  (°F) 

T  =  required  exit  temperature  of  massecuite,  in  °C  (°F) 

to  -  entry  temperature  of  cold  water,  in  °C  (°F) 

t    -  exit  temperature  of  water,  in  °C  (°F). 
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55.    Centrifugal  Separation 


Object 

Once  the  mother  liquor  has  been  exhausted  to  the  practical  limit  for  the  strike  concerned, 
it  remains  only  to  separate  the  crystals  in  order  to  obtain  the  sugar  in  the  commercial  form. 

This  operation  is  carried  out  in  centrifugal  dryers,  which  are  called  variously:  "cen- 
trifuges", "centrifugals",  or  commonly  abbreviated  to  "fugals".  The  operation  is  known 
as  "purging",  "centrifuging",  "centrifugalling"  or  "fugalling". 

Until  recently,  batch  machines  were  the  only  ones  in  use  to  any  extent;  in  recent  years, 
however,  continuous  machines  have  been  used  to  an  increasing  extent,  and  are  now  extensive- 
ly used,  at  least  for  low-grade  massecuite. 


BATCH  CENTRIFUGALS 

The  centrifugal  machine 

Practically  all  the  batch  centrifugals  in  existence  at  present  are  based  on  the  Weston  machine, 
named  after  the  British  engineer  who  originated  it  in  its  present  form. 

It  consists  of  a  cylindrical  basket  designed  to  receive  the  massecuite  to  be  treated,  and  car- 
ried on  a  vertical  shaft,  which  is  driven  from  its  upper  end  by  a  motor  or  pulley  (Fig.  35.1). 
The  basket  is  pierced  with  numerous  holes  to  allow  the  molasses  to  escape,  and  is  provided 
with  circumferential  hoops  to  withstand  the  centrifugal  force;  the  basket  is  lined  with  metal 
gauze,  which  serves  to  retain  the  sugar  while  allowing  the  molasses  to  pass  through. 

The  basket  is  open  at  the  top  to  allow  massecuite  to  be  fed  into  it,  and  a  bottom  opening 
allows  the  sugar  to  be  discharged  when  the  machine  is  stopped.  While  the  machine  is  running, 
that  is,  during  charging  and  drying,  this  discharge  opening  is  generally  closed  by  a  cone  of 
thin  sheet  metal. 

The  basket  is  attached  to  the  shaft  by  a  spider  occupying  the  bottom  opening,  while  allow- 
ing ample  space  for  discharge  of  the  sugar.  It  is  surrounded  by  a  casing  designed  to  catch 
the  molasses  separated  and  to  protect  the  operator  from  the  moving  parts.  This  "monitor 
casing"  has  an  opening  at  the  top  corresponding  to  that  of  the  basket,  which  may  be  closed 
by  means  of  two  half-covers  on  hinges,  provided  with  a  hole  through  which  the  shaft  passes. 

There  are  generally  several  centrifugals,  forming  a  battery,  and  arranged  in  a  line.  The 
massecuite  to  be  fugalled  is  fed  into  a  distributor,  which  resembles  a  small  crystalliser  or  mix- 
er placed  behind  the  heads  (or  driving  motors)  of  the  machines.  At  each  centrifugal,  a  hinged 
chute  enables  massecuite  to  be  run  from  the  mixer  to  charge  the  basket. 

For  the  high-grade  centrifugals,  water  pipes  and  steam  pipes  run  along  the  length  of  the 
battery,  to  allow  of  steaming  or  washing  the  sugar. 

At  the  end  of  the  drying  period  the  centrifugal  is  stopped  by  means  of  a  brake,  which 
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Fig.  35.1.  Section  of  a  C411  centrifugal  (Fives  Cail  -  Babcock). 
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generally  consists  of  brake-shoes  provided  with  a  suitable  friction  lining  and  surrounding  a 
drum  on  which  they  tighten  when  released. 

All  centrifugals  are  now  automatic.  The  many  operations  necessary  for  their  functioning, 
i.e.  starting,  charging,  control  of  charging  speed,  closing  the  massecuite  gate,  acceleration, 
washing  with  water  and  steam,  drying  at  high  speed,  change  to  low  speed  and  control  of 
discharging  speed,  opening  the  discharge  cone,  drying  out  the  sugar,  starting  the  next  charge, 
all  are  carried  out  by  means  of  a  complex  assembly  of  controls,  programmed  to  operate  in 
the  correct  sequence. 

Basket.  The  baskets  are  constructed  of  greater  or  lesser  thickness  according  to  the  cen- 
trifugal force  to  which  they  are  to  be  subjected.  Those  which  are  subjected  to  the  highest, 
stresses  work  close  to  the  limit  of  tensile  strength  of  the  metal;  they  are  made  of 
chrome -copper  steel  and  their  hoops  sometimes  of  nickel  steel. 

The  baskets  of  centrifugals  60  cm  (24  in.)  in  height  have: 

For  1,000  r.p.m.:  5-6  mm      —  ^  in.)  thickness  of  basket,  with  6  hoops 
For  1,500  r.p.m.:  5-6  mm  thickness  of  basket,  and  12-15  hoops 

The  baskets  of  centrifugals  of  1,370  mm  diameter  and  1,067  mm  height  (54  x  42  in.)  are 
5  mm  in.)  in  thickness  and  have  16  hoops  of  35  mm  (If  in.)  width;  these  are  for  1,200 
r.p.m.  (Fives  Cail  -  Babcock,  Model  C411).  The  B.M.A.  machines  of  similar  dimensions, 
1,320  x  1,200  mm  (52  x  48  in.),  have  baskets  13  mm  {\  in.)  in  thickness,  without  hoops, 
but  with  3  reinforcing  bands  of  28  mm  (II  in.)  one  each  at  top  and  bottom,  and  one  at  mid- 
height. 

The  holes  in  these  baskets  are  of  7  mm  in.)  diameter,  and  are  spaced  at  about  22  mm 
(I  in.)  between  centres. 

Gauzes.  On  account  of  this  wide  spacing,  a  simple  perforated  sheet  or  a  single  woven  gauze 
would  be  unsatisfactory  as  lining:  the  greater  proportion  of  the  perforations  would  lie  against 
the  smooth  side-wall  of  the  basket,  and  would  not  allow  the  molasses  to  escape.  The  basket 
is  then  generally  furnished  with  two  different  linings: 

(7)  A  backing  gauze,  an  ordinary  woven  gauze  in  brass  or  copper  wire  of  0.75  -  1.5  mm 
(j5-r6in.)  diameter  with  openings  of  5-10  mm  (i^-g  in.),  which  serves  to  separate  the 
gauze  proper  from  the  wall  of  the  basket:  or  preferably,  a  "stabbed"  lining  consisting  of 
brass  or  special  steel  sheet,  punched  and  perforated  to  give  suitable  projections;  this  is  more 
uniform  and  more  effective 

(2)  A  gauze  proper,  designed  to  retain  the  crystals;  previously,  this  was  sometimes  a  woven 
copper  gauze,  of  Liebermann  type  (Fig.  35.2),  single  or  double,  but  now  is  nearly  always  a 
perforated  sheet. 

In  certain  factories,  two  backing  gauzes  are  used.  Tromp1,  for  example,  recommends  the 
interposition  of  a  7-mesh  woven  gauze  between  the  4-mesh  backing  gauze  and  the  perforated 
lining.  Krieg  similarly  advises  the  use  of  a  "sandwich"  gauze  between  the  lining,  of  per- 
forated sheet,  and  the  stabbed  backing  sheet;  or  use  of  the  following  linings2: 
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Fig.  35.2.  Diagram  of  Liebermann  lining. 


Fig.  35.3.  Slotted  gauze.  Perforations  in  rows. 


Extr. 


0.7 


Intr. 

rjlO.3 


Fig.  35.4.  Slotted  gauze.  Staggered  arrangement. 


Fig.  35.5.  Section  of  perforations  (mm). 


(a)  A  backing  gauze,  in  annealed  brass  16  meshes/dm  (4  meshes/in.),  of  wires  1.2  mm 
in.)  in  diameter,  placed  against  the  basket. 

(b)  An  intermediate  gauze,  also  in  annealed  brass,  of  28  meshes/dm  (7-mesh),  0.75  mm 
(ji  in.)  diameter,  between  this  backing  gauze  and  the  perforated  lining. 

This  additional  gauze  facilitates  the  flow  of  molasses,  but  is  not  indispensable. 

Perforated  gauze.  Gauzes  formed  of  perforated  sheet  are  of  pure  copper,  stainless  steel, 
or  special  alloy.  They  are  provided  with  horizontal  slots  4  mm  in  length  and  0.3-0.4  mm 
in  width,  generally  0.35  mm,  arranged  either  in  columns  (Fig.  35.3)  or  in  staggered  formation 
(Fig.  35.4).  The  pitch  of  these  perforations  in  the  vertical  direction  is  1  mm  (100  slots  per 
100  mm).  The  area  of  openings  is  of  the  order  of  24-26%  of  the  total  area. 

The  width  of  0.3  -0.4  mm  refers  to  the  interior  face  of  the  gauze:  the  perforations  are  in 
fact  pyramidal  (Fig.  35.5),  this  arrangement  having  the  object  of  avoiding  the  possibility  of 
crystals  of  the  exact  dimension  of  0.4  mm  becoming  jammed  in  the  perforations  of  the  gauze. 

This  width  of  0.4  mm  is  obviously  important.  On  its  precise  value  depends  the  size  of  the 
fine  grain  which  the  gauze  will  allow  to  pass,  or  even  the  size  of  the  grain  of  the  massecuite, 
since  in  certain  countries  the  final  massecuites  are  often  boiled  with  a  grain  size  of  0.2-0.3 
mm.  In  this  case  it  is  obviously  necessary  to  modify  the  width  of  the  perforf orations,  or  bet- 
ter, to  use  close-woven  Liebermann  linings.  Gauzes  with  round  holes  of  0,5  mm  are  also  us- 
ed. 

The  thickness  of  the  perforated  sheet  varies  from  0.45  to  0.80  mm,  often  0.5  mm  (stainless 
steel)  and  0.7  mm  (brass).  The  thinner  gauzes  have  a  shorter  life  but  give  better  operation. 
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The  linings  should  be  cut  to  a  length  somewhat  greater  than  the  interior  circumference  of 
the  basket,  in  order  to  ensure  that  there  is  no  gap  in  the  lining  once  it  is  in  place;  but  the 
lap  arranged  should  be  at  a  minimum,  since  it  forms  a  vertical  band  of  greater  resistance  to 
flow  of  molasses.  The  gauzes  should  be  cut  to  the  lengths  given  in  Table  35.1. 

TABLE  35.1 


LENGTH  OF  CENTRIFUGAL  SCREENS 


Diam.  of  machine 

Inside 

circumference  of  basket 

Length 

of  perforated  sheet 

(in.)  (mm) 

(mm] 

(ft  ./in. J 

(mm] 

(ft.  /in.  j 

40  1  ,0  1  5 

3,192 

10  ft.  5  in. 

3,230 

10  ft.  7  in. 

42  1,065 

3,352 

11  ft. 

3,380 

11  ft.  1  in. 

48  1,220 

3,830 

12  ft.  7  in. 

3,870 

12  ft.  8  in. 

54  1  ,370 

4,309 

14  ft.  2  in. 

4,350 

14  ft.  3  in. 

The  margin  of  overlap  allowed  is  about  25  -38  mm  (1  -  1  \  m-)>  the  actual  overlap  being 
about  60  mm  (21  in.),  due  to  the  thickness  of  the  backing  gauze. 

The  lap  of  the  gauze  should  be  arranged  in  such  a  way  that,  while  the  basket  is  rotating, 
the  resistance  of  the  air  tends  to  hold  the  free  end  against  the  other,  and  not  so  that  the  air 
tends  to  enter  between  the  two  ends. 

The  principal  European  suppliers  are  Krieg  &  Zivy  in  France,  and  Fontaine  in  Germany. 

Summary  of  some  concepts  of  gyratory  mechanics 

The  study  of  centrifugals  involves  several  concepts  in  mechanics,  which  we  shall  recall  here, 
in  order  to  simplify  the  discussion  which  follows. 

Notation.  We  shall  use  the  following  nomenclature: 


r 

radius  of  gyration,  in  m  (ft.) 

V 

tangential  velocity,  in  m/s  (ft./s) 

n 

speed  of  rotation,  in  r.p.m. 

CO 

angular  velocity,  in  radians/s 

t 

time,  in  s 

m 

mass  =  p/g,  in  kg  wt./m/s/s  (f.p.s.  units) 

P 

weight,  in  kg  (lb.) 

8 

acceleration  of  gravity  =  9.81  m/s/s  (32.16  ft./s/s) 

F 

r 

centrifugal  force,  in  kg  (lb.) 

tangential  force,  in  kg  (lb.) 

j, 

radial  acceleration,  in  m/s/s  (ft./s/s) 

y, 

tangential  acceleration,  in  m/s/s  (ft./s/s) 

c 

torque,  in  kg  m  (lb. ft.) 

T 

work,  in  kg  m  (lb. ft.) 

p 

power,  in  kg  m/s  or  W  (ft. lb. /s  or  h.p.) 
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/   =  moment  of  inertia,  in  kg  wt.  m2  (lb.  wt.  sq.ft.)  =  p/gr2 
F  =  kinetic  energy,  in  kg  m  (f.p.s.  units). 

Equations  of  definition.  The  principal  ones  are: 
(/)  Weight: 

P  =  mg 

If  we  take  as  unit  of  force  the  kilogram  (pound)  weight,  then  for: 

p  =  1  kg  wt.    m  =  —  =  0.102         (p  =  1  lb.    m  =  =  0.0311  1  (35.1) 

&  9.8  \  32.  lo  / 

0. 102  is  then  the  mass  of  a  body  weighing  1  kg  wt. ,  in  the  industrial  system  of  units  (0.03  1  1 
for  1  lb.). 

In  the  system  where  the  basic  figure  is  mass  instead  of  force,  one  kilogram  mass  is  the  mass 
of  a  body  of  weight  one  kilogram  weight. 
(2)  Angular  velocity: 

w  =  Til  =  0.105  n  (35.2) 


60 


(3)  Radial  acceleration: 


/    =-  =  rfr  (35.3) 


(4)  Centrifugal  force: 


F  =  mjr=mvl=  mtfr  (35.4) 


{5)  Tangential  force: 


Ft  -  mj  -  m  —  -  mr  —  (55.5) 


(6)  Torque: 


C  =  Fr  =  mr2  —  (35.6) 


U  ( 
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(7)  Power: 

P  =  Coo  (35.7) 

(SjWork: 

T  =  \Pdt  =  $Cu>  At  (35.8) 

(9)  Moment  of  inertia: 

/  =  \mr2  (35.9) 

(70)  Kinetic  energy: 

F  =  \mv2  =  JmHco2  =  w2fw/-2  =  /w2  (35.10) 
Value  of  the  torque.  We  have 

LF  =  \mr  ~  (35.11) 
'     J  dt 

whence: 

C  =  ErF  =  fmr2  ^  =  /  ^  (35.12) 

The  torque  is  often  represented  by  the  motive  torque  Cm  decreased  by  the  torque  C,  of 
friction  or  other  resistance: 

C  =  Cm  -  Cf  (35.13) 

Kinetic-energy  theorem.  We  have  sometimes  to  utilise  the  theorem:  half  the  change  in 
kinetic  energy  of  a  system  in  a  given  time  is  equal  to  the  sum  of  the  work  done  by  external 
forces  acting  on  the  system  during  that  time. 

Dimensions  of  centrifugals 

Size  of  centrifugals  is  characterised  by  the  two  principal  dimensions: 

(1)  The  interior  diameter  of  the  basket:  D 

(2)  The  interior  height  of  the  basket:  H. 

These  two  dimensions  are  standardised;  formerly,  there  were: 

5  diameters:     30    36    40    42   48  in. 
and 

4  heights:  18    20    24    30  in. 
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but  the  first  two  diameters  and  the  first  height  have  disappeared,  due  to  labour  costs  and 
the  requirements  of  automation,  since  automatic  control  equipment  is  delicate  to  install  with 
small  machines;  hence  only  the  following  dimensions  are  now  used  or  fabricated: 


4  diameters: 


1,015      1,065      1,220      1,370  mm 
40         42         48         54  in. 

and 


_  ,  .  ,  610        760        915        1,065         1,220  mm 

5h£lghtS:  24         30         36  42  48  in. 


The  (1,015-mm)  40-in.  height  is  now  seldom  used.  These  dimensions  give  the  following  10 
combinations  (Table  35.2): 


TABLE  35.2 


STANDARD  DIMENSIONS  OF  CENTRIFUGALS:  D  X  H 


British  dimensions  Metric  dimensions  (mm) 

(in.)  (continental  makers) 


Nominal 

Actual 

40 

X 

24 

1,015  x  610 

1,016  x  609.6 

40 

X 

30 

1,015  x  760 

l,016x  762 

42 

X 

24 

1 ,065  x  610 

1,067  x  609.6 

42 

X 

30 

1 ,065  x  760 

1 ,067  x  762 

48 

X 

24 

1,220  x  610 

1,219  x  609.6 

48 

X 

30 

l,220x  760 

1,219  x  762 

48 

X 

36 

1,220  x  915 

1,219  x  914.4 

48 

X 

42 

1 ,220  x  1 ,065 

.1,219  x  1,067 

54 

X 

42 

l,370x  1,065 

l,370x  1,067 

54 

X 

48 

1,370x1,220 

1,370  x  1,219 

The  diameter  of  1,015  mm  (40  in.)  is  practically  a  duplication  of  that  of  1,065  mm  (42  in.). 
It  corresponds  to  American  standards,  whereas  1,065  mm  is  the  European  size. 

Krieg3  has  proposed  the  following  tolerances,  which  are  fairly  generally  accepted,  and 
should  be  rigorously  observed: 

TABLE  35.3 


FABRICATION  TOLERANCES 

Fabrication 


'  'Precision ' '  '  'Regular ' ' 


Diameter        +0  +0 

-2  mm  (0.080  in.)  -4  mm  (0.160  in.) 

Height            +0  +2  mm  (0.080  in.) 

-0.3  mm  (0.012  in.)  -0.3  mm  (0.012  in.) 
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The  true  dimensions,  together  with  the  indication  "precision"  or  "regular",  should  ap- 
pear on  the  inner  edge  of  the  top  opening  of  the  basket.  Dimensions  marked  in  this  way 
would  avoid  confusion  when  ordering  accessories. 

Speed  of  centrifugals 

A  factor  quite  as  important  as  the  dimensions,  from  the  point  of  view  of  centrifugal  capacity, 
is  the  speed. 

Speed  and  diameter  are  the  factors  determining  the  centrifugal  force,  i.e.  the  force 
available  for  expelling  the  molasses  during  fugalling. 

Now  the  centrifugal  force  is  proportional  (cf.  eqn.  (35.4))  to  w2r,  i.e.  proportional  to  w2D. 
If  thea  we  take  as  standard  speeds  for  a  1,065-mm  (42-in.)  centrifugal  1,000  and  1,500 
r.p.m.,  it  will  be  necessary,  to  realise  the  same  centrifugal  force,  to  run  machines  of  other 
diameters  at  the  speeds  given  in  Table  35.4. 

TABLE  35.4 

SPEEDS  GIVING  EQUAL  CENTRIFUGAL  FORCES  IN  CENTRIFUGALS  OF  DIFFERENT  DIAMETERS 

(Centrifugal  force  =  G  times  weight) 


Diameter  Speed  of  rotation 

(r.p.m.) 


(in.) 

(mm) 

G  =  516 

G  =1,161 

40 

1,015 

1,025 

1,537 

42 

1,065 

1,000 

1,500 

48 

1,220 

935 

1,403 

54 

1,370 

882 

1,323 

If  we  consider  a  centrifugal  of  a  given  speed,  and  if  its  speed  is  varied,  we  shall  obtain  a 
more  rapid  and  more  complete  drying  as  the  centrifugal  force  and  therefore  the  speed  of  rota- 
tion is  increased. 

In  other  words,  if  one  centrifugal  is  running  at  a  higher  speed  than  another,  both  being 
identical  machines  and  fugalling  the  same  massecuite,  the  machine  running  at  higher  speed 
will  complete  its  drying  before  the  other. 

It  is  found  by  experience  that  in  such  a  case  the  same  degree  of  drying  is  obtained  by  runn- 
ing the  two  machines  for  times  inversely  proportional  to  their  centrifugal  force,  i.e.  to  the 
square  of  the  speed: 

dn2  =  constant  (35.14) 

d  =  time  of  drying. 

Numerous  experiments  have  confirmed  this.  In  Hawaii,  for  example4,  it  has  been  ascer- 
tained that  1,015-mm  (40-in.)  machines  working  on  low-grade  massecuite  gave  the  same 
results,  with  regard  to  purity  of  sugar  and  of  molasses,  by  running  for: 

68.2  min  at  1,150  r.p.m. 

44.3  min  at  1,400  r.p.m. 
33    min  at  1,600  r.p.m. 
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In  all  cases,  charging  and  discharging  occupy  an  additional  time  of  about  5  minutes  in  all, 
part  of  which  it  would  be  logical  to  include  as  operating  time.  Thus  the  relationship  (35.14) 
is  verified  to  a  close  approximation. 

We  see  from  this  the  great  gain  which  is  offered  by  high  speeds  with  regard  to  centrifugal 
capacity. 

Comment.  We  have  just  been  comparing  the  work  of  the  same  machine  at  different  speeds. 
If  we  had  compared  centrifugals  of  different  dimensions,  it  is  obvious  that  the  centrifugal 
force,  the  only  factor  influencing  drying,  will  vary  also  with  diameter.  We  should  have  then: 

B  Dn2  =  constant  (35.15) 

whereas  the  factor  D  does  not  appear  in  comparisons  of  one  machine  at  different  speeds, 
or  of  machines  of  the  same  diameter  when  compared  with  each  other. 
It  follows  that  the  centrifugal  effect  has  the  value: 

kDrf 

IT 

The  highest  speeds  attained  are  of  the  order  of  2,200  r.p.m.,  in  centrifugals  of  1,015  mm 
(40  in.)  diameter5. 

Mean  equivalent  radius 

In  a  rotating  centrifugal,  the  centrifugal  force  on  the  sugar  crystals  against  the  gauze  is  ob- 
viously greater  than  that  on  the  crystals  on  the  interior  surface  of  the  sugar  layer.  It  is  of 
interest  to  ascertain  what  is  the  radius  for  which  the  centrifugal  force  is  equal  to  the  mean 
force  exerted  on  the  whole  mass  of  sugar.  This  radius  is  termed  the  "mean  equivalent  radius" 
and  will  be  designated  by  Rm  (Fig.  35.6). 

Let  us  consider  a  fugal  of  axis  yy',  of  height  h,  and  interior  radius  R  at  the  gauze.  Let 
r  be  the  corresponding  radius  at  the  inner  wall  of  the  sugar  layer.  The  thickness  of  the  sugar 
wall  is  thus  (R  -  r).  The  centrifugal  basket  will  be  assumed  to  have  a  flat  bottom,  and  the 
small  quantity  of  sugar  contained  within  the  top  conical  plate  above  the  height  h  will  be 


Fig.  35.6.  Calculation  of  mean  equivalent  radius. 
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neglected.  Considering  the  cylinder  of  infinitesimal  thickness  dx,  situated  at  radius  x,  the 
centrifugal  force  to  which  this  cylinder  is  subjected  will  have  the  value: 

dl  -  m  u2X  -  2irx  dx  fiQU)2x  -  2irhg  w2  X2  dx 

q  being  the  specific  gravity  of  the  massecuite. 
The  total  centrifugal  force  will  be: 

F  =    \R2-KhQ<*#  dx  =  2 irh  e^  =  2-^f*  (R*  -  H) 

The  total  mass  of  sugar  has  the  value: 

M  =  (nR2h  -  rr2h)  Q  =  irhg  (R2  -  r2) 

If  this  were  concentrated  at  the  radius  Rm,  it  would  be  necessary  for  the  centrifugal  force 
to  be  equal  to  F: 

F  -  -T3—        -  r3)  =  irfiQ  (R2  -  r2)  co2  Rm 

hence: 

/?3  -  r3 

R    =  | -  (35.16) 
R2  -  r2 

We  thus  have  the  figures  of  Table  35.5. 

TABLE  35.5 

EQUIVALENT  MEAN  RADIUS  R 


Diameter  of  basket 

Value  of  R  for 

sugar  layer  of  thickness  (mm): 

(mm)  (in.) 

152  (6  in.) 

178  (7 in.) 

203  (8  in.) 

229  (9  in.) 

254  (10  in.) 

1,015  40 
1,065  42 
1,220  48 
1,370  54 

436  (17.2  in.) 
461  (18.2  in.) 
537  (21.1  in.) 
613(24.1  in.) 

425(16.7in.) 
450  (17.7  in.) 
526  (20.7  in.) 
601  (23.7  in.) 

440  (17.3  in.) 
515  (20.3  in.) 
590  (23.2  in.) 

504  (19.8  in.) 
579(22.8in.) 

568  (22.4  in.) 

Table  35.4  has  been  calculated  according  to  the  equivalent  mean  radius,  the  basis  being 
D  =  1,065  mm  (42  in.),  thickness  =  152  mm  (6  in.),  with  thicknesses  for  other  sizes  propor- 
tional to  the  respective  diameters.  In  Table  35.5  the  radii  corresponding  to  the  commoner 
thicknesses  are  given  in  italics. 
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Ratio  between  centrifugal  force  and  gravity 

The  effect  of  various  centrifugals  is  compared  by  the  ratio  of  the  centrifugal  force  exerted 
on  the  material  to  that  of  gravity. 

Gravity  exerts  a  force  equal  to  the  weight:  p  =  mg.  The  centrifugal  force  itself  has  the 
value: 

F  =  mu2R 

m 

The  ratio  sought,  G,  thus  has  the  value: 

F     mu2R  4ir2n2  /    n    \  2 

G  =  -  =  -  =  _  •  R    =  1  HQ  /  I  R 

P        mg         602  x  9.8  V  l>m  J  m 

(35.17) 

/  /      n     \  2  \ 

I  28.4  I  —  1  R  I 
V        I  1,000/  m) 


R    =  equivalent  mean  radius,  in  m  (in.). 


Example.  For  a  1,220-mm  (48-in.)  centrifugal  with  a  203-mm  (8-in.)  layer  rotating  at  1,500 
r.p.m.,  the  ratio  G  will  be: 

G  =  1,119  X  2.25  X  0.515  =  1,297  (G  =  28.4  x  2.25  x  20.3  =  1,297) 

Cycle 

It  must  not  be  supposed  that  running  at  operating  speed  is  the  only  important  operation  in 
the  course  of  the  fugalling.  The  other  phases  of  the  process  occupy  a  substantial  fraction  of 
the  cycle  of  operations,  which  is  greater  in  high-grade  massecuites  than  with  low-grade  pro- 
ducts, and  is  naturally  greater  with  more  rapid  cycles. 

The  following,  for  example,  is  the  succession  of  operations  for  a  complete  cycle,  in  the 
treatment  of  high-grade  massecuite: 


Charging  and  acceleration:  1  min 

Drying  and  washing  at  speed:  0  40  s 

Electrical  braking:  0  15 

Mechanical  braking:  0  10 

Discharging:  0  20 


Complete  cycle:  2  min   25  s 

Operation  at  normal  speed,  of  course,  occupies  a  much  greater  proportion  of  the  cycle  for 
low-grade  products,  fugalling  of  which  is  much  slower  and  more  difficult. 

We  may  estimate,  according  to  the  speed  of  the  machines,  the  times  given  in  Table  35.6. 
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TABLE  35.6 


TIMES  OF  FUGALLING 


A  massecuites 
B  massecuites 
C  massecuites 


2-6  min 
4-10  min 
10  —  45  min 


The  factors  which  influence  the  time  of  fugalling  are: 

(a)  The  viscosity  of  the  molasses,  which  depends  on  its  temperature  and  purity  (whether 
A,  B  or  C  massecuite) 

(b)  The  size  and  regularity  of  the  crystals 

(c)  The  rapidity  of  acceleration  of  the  machine,  that  is,  the  time  required  to  reach  its 
operating  speed 

{d)The  centrifugal  force  developed  by  the  centrifugal  at  its  operating  speed 
(e)  The  time  of  braking  and  of  discharging. 

Moreover,  washing  with  water  and  steam  may  contribute  to  lengthening  the  cycle. 

The  inactive  time  which  is  most  unfavourable  to  capacity  is  phase  (e),  i.e.  the  period  of 
deceleration.  While  the  acceleration  takes  about  the  same  time,  it  still  constitutes  a  useful 
phase  of  the  operation,  since,  from  the  beginning  of  filling  and  accelerating,  the  amount  of 
molasses  removed  is  quite  substantial.  The  deceleration  period,  on  the  contrary,  is  dead  time 
without  useful  effect.  The  low  capacity  of  certain  centrifugals  is  thus  due  simply  to  their  inef- 
fective braking. 

Capacity 

The  working  capacity  or  the  sugar  production  of  a  centrifugal  machine  depends  on  two  main 
factors: 

(a)  Contents  of  the  basket  in  volume  of  massecuite 

(b)  Time  of  the  cycle. 

(a)  Capacity  of  the  basket.  The  capacity  of  the  basket  may  be  expressed  either  in  volume 
of  massecuite  or  in  weight  of  sugar.  The  quantity  of  sugar  to  be  obtained  from  a  massecuite 
varies  considerably  (c/.  p.  728),  and  it  is  preferable  to  express  the  contents  in  volume  of 
massecuite,  when  it  is  desired  to  compare  one  machine  with  another,  while  using  weight  of 
sugar  when  considering  the  sugar  production  from  the  machine. 

The  shape  of  the  basket  is  now  very  simple,  the  bottom  and  the  upper  rim  of  the  basket 
being  flat.  The  volume  of  massecuite  thus  depends  on: 

(1)  The  area  of  the  lining  of  the  centrifugal 

(2)  The  thickness  of  the  layer  of  massecuite. 

Centrifugals  are  designed  to  receive  a  layer  of  massecuite  or  of  sugar  proportional  to  their 
diameter.  The  manufacturers  generally  provide  for  a  massecuite  layer  of  maximum  thickness 
equal  to  14  or  15%  of  the  diameter.  Since  a  margin  of  safety  in  filling  is  always  allowed, 
it  is  necessary  to  estimate  for  calculation  purposes  a  maximum  of  14%  for  calculations  of 
power  and  load  o"n  machine,  and  a  mean  of  10-  12%  for  calculation  of  capacity: 
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eM  =  0.28  R  =  0.14  D  (35.18) 
em  =  0.20  R  =  0.10  D  (35.19) 

e..  =  maximum  thickness  of  massecuite 

M 

e    =  mean  thickness  of  massecuite 

m 

R  =  inside  radius  of  basket 
D  =  inside  diameter  of  basket. 

However,  this  expression  is  applicable  without  qualification  only  to  high-grade  massecuites 
which  fugal  readily.  With  low  grades,  it  is  generally  the  properties  of  the  massecuite  which 
determine  the  thickness  of  layer  which  can  be  handled.  The  latter  may  sometimes  drop  to 
half  the  thickness  corresponding  to  the  flange  of  the  top  of  the  basket,  or  even  lower. 

The  volume  of  massecuite  per  charge  will  have  the  value: 

V  =  ireH  (D  -  e)  (flat  top  and  bottom)  (35.20) 

This  is  readily  obtained  by  means  of  Guldin's  theorem. 
V  =  volume  of  massecuite  corresponding  to  the  thickness  e  of  massecuite,  and  expressed  in 
dm3 

e    =  thickness  of  the  massecuite,  in  dm 

H  =  interior  height  of  the  centrifugal  basket,  in  dm 

D  =  inside  diameter  of  the  basket,  in  dm 

The  same  equation  applies  in  any  consistent  system  of  units;  for  example,  with  all  linear 
measurements  in  feet. 

If  we  give  e  values  of  0.12  D  and  0.14  D,  we  obtain  the  figures  of  Table  35.7. 

TABLE  35.7 


VOLUME  OF  MASSECUITE  CONTENT  FOR  VARIOUS  CENTRIFUGALS 


D  x  H  Maximum  volume  of  massecuite 


Theoretical 

Practical 

(e  = 

0.14 D) 

(e  = 

0.12  D) 

(mm) 

(in.) 

U) 

(cu.ft.) 

(I) 

(cu.ft.) 

1 ,015x 

610 

•  40  x  24 

246 

8.68 

215 

7.59 

1  ,015x 

760 

40  x  30 

305 

10.77 

267 

9.43 

1  ,065  x 

610 

42  x  24 

272 

9.60 

237 

8.38 

1  ,065  x 

760 

42  x  30 

337 

11.90 

295 

10.41 

1  ,220  x 

610 

48  x  24 

356 

12.57 

311 

10.98 

1  ,220x 

760 

48  x  30 

442 

15.60 

386 

13.63 

1  ,220  x 

915 

48  x  36 

528 

18.64 

491 

16.27 

1,220  x 

1,065 

48  x  42 

618 

21.82 

539 

18.33 

1,370  x 

1,065 

54  x  42 

778 

27.46 

681 

24.04 
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It  may  readily  be  verified  that  the  two  columns  of  this  table  correspond  very  closely  to  the 
equations: 

Vt  =  390  D2H  (Vt  =  0.000225  D2H)  (35.21) 
V  =  340  D2H         (K  =  0.000196  D2H)  (35.22) 

V  =  maximum  theoretical  contents  of  basket,  in  dmJ  (cu.ft.)  of  massecuite 

V  =  maximum  practical  contents  of  the  basket,  in  dm3  (cu.ft.)  of  massecuite 
D  =  diameter  of  basket,  in  m  (in.) 

H  =  height  of  basket,  in  m  (in.). 

(b)  Length  of  cycle.  We  have  already  considered  (p.  768)  the  factors  influencing  the  time 
of  cycle.  Those  which  depend  on  the  characteristics  of  the  machine  are: 

(1)  The  centrifugal  force  developed  when  running  at  speed 

(2)  The  rate  of  acceleration 

(3)  The  rate  of  slowing  down  and  discharging. 

The  first  factor,  centrifugal  force  (and  consequently  the  running  speed),  is  the  most  impor- 
tant, particularly  for  low-grade  materials.  Equation  (35.15)  shows  that  the  higher  this  force, 
the  shorter  the  cycle.  The  centrifugal  force  is  the  product  of  two  factors:  D  and  n,  the  latter 
to  the  second  power;  both  of  these  work  in  opposition  to  the  two  other  factors,  (2)  and  (3). 
When  D  and  n  are  increased,  the  acceleration  time  cannot  at  the  same  time  be  reduced  except 
at  the  expense  of  power  consumption.  Only  the  discharging  time  is  practically  independent 
of  dimensions  and  speed:  it  is  substantially  constant  and  takes  about  half  a  minute. 

Considering  flat-bottomed  machines,  eqn.  (35.22)  gives  us: 

Y  =  NV  =  0.340  D2HN         (0.000196  D2HN)  (35.23) 

V  =  volume  of  massecuite  handled  per  hour,  in  1  (cu.ft.) 
D  =  diameter  of  basket,  in  m  (in.) 

H  =  height  of  basket,  in  m  (in.) 
N  =  number  of  cycles  per  hour. 
Capacities  for  different  sizes  are  given  in  Table  35.8. 

To  convert  these  capacities  in  volume  of  massecuite  to  capacity  in  weight  of  sugar,  it  will 
be  necessary  to  multiply  them  by  the  figures  for  yield  (RA,  RB  or  Rc)  on  p.  728  or 
preferably  by  the  actual  yields  obtained  in  the  factory  under  consideration. 

Screen  area 

In  some  countries,  centrifugal  capacity  of  a  factory  is  often  expressed  in  terms  of  screen  area 
of  the  machines.  Obviously  this  gives  only  a  rough  measure  of  capacity,  since  it  takes  into 
account  neither  the  actual  contents  of  the  basket  nor  the  speed,  nor  the  number  of  cycles  per 
hour.  It  amounts  to  substituting  for  eqn.  (35.23)  an  equation  of  the  form  C  =  k  DH. 

With  older  machines,  a  figure  of  0.2  mVt.c.h.  (2.2  sq.ft./t.c.h.)  was  considered  necessary 
for  A  and  B  massecuites  and  0.3  (3.3)  for  C  massecuite.  With  modern  machines,  it  should 
be  ample  to  provide: 


J 

-J 


TABLE  35.8 


CAPACITY  OF  CENTRIFUGALS  IN  LITRES  OF  MASSECUITE  PER  HOUR 


0.340 


Number  of  cycles  per  hour 


D 

i 

X 

in, 

H 

) 

D  x  H 

(mm) 

ft) 

D2H 
(0 

2 

4 

6 

8 

10 

12 

15 

18 

20 

22 

25 

30 

40 

X 

20 

1,015  x 

510 

524 

178 

357 

713 

1  ,070 

1,426 

1,783 

2,140 

2,675 

3,209 

3,566 

3,923 

4,457 

5,349 

40 

X 

24 

l,015x 

610 

629 

214 

428 

856 

1  ,284 

1,712 

2,140 

2,567 

3,209 

3,851 

4,279 

4,707 

5,349 

6,418 

40 

X 

30 

l,015x 

760 

787 

267 

535 

1,070 

1  ,605 

2,140 

2,674 

3,209 

4,012 

4,814 

5,349 

5,884 

6,686 

8,023 

42 

X 

20 

1,065  x 

510 

578 

197 

393 

786 

1  ,179 

1,573 

1,966 

2,359 

2,948 

3,538 

3,931 

4,324 

4,914 

5,897 

42 

X 

24 

1,065  x 

610 

694 

236 

472 

944 

1  ,415 

1,887 

2,359 

2,831 

3,538 

4,246 

4,718 

5,189 

5,897 

7,076 

42 

X 

30 

1,065  x 

760 

867 

295 

590 

1,179 

1  ,769 

2,359 

2,948 

3,538 

4,423 

5,307 

5,897 

6,487 

7,371 

8,845 

48 

X 

30 

1,220  x 

760 

1,133 

385 

770 

1,540 

2,311 

3,081 

3,851 

4,621 

5,777 

6,932 

7,702 

8,472 

9,628 

11,553 

48 

X 

36 

1,220  x 

915 

1,359 

462 

924 

1,849 

2,773 

3,697 

4,621 

5,546 

6,932 

8,318 

9,243 

10,167 

11,553 

13,864 

48 

X 

42 

1,220  x  1 ,065 

1,585 

539 

1,078 

2,156 

3,234 

4,312 

5,389 

6,467 

8,084 

9,701 

10,779 

11,857 

13,474 

16,168 

54 

X 

42 

1,370  x  1 

,065 

2,007 

682 

1,365 

2,729 

4,094 

5,459 

6,824 

8,188 

10,235 

12,283 

13,647 

15,012 

17,059 

20,471 

n 
m 

•Z 

H 

o 
> 

to 
> 

I> 

H 

B 


For  British  units:  1  1  =  0.0353  cu.ft. 


'.-ft 
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0.10  mVt.c.h.  (1.1  sq.ft./t.c.h.)for  A  and  B  sugars 
0.10  mVt.c.h.  (1.1  sq.ft./t.c.h.)  for  C  sugar 

or  a  total  of  0.20  mVt.c.h.  (2.2  sq.ft./t.c.h.). 
But,  to  provide  a  safe  margin,  the  areas  are  increased  to: 

0.12  mVt.c.h.  (1.3  sq.ft./t.c.h.)  for  A  and  B  sugars 
0.13  mVt.c.h.  (1.4  sq.ft./t.c.h.)  for  C  sugars 

or  a  total  of  0.25  mVt.c.h.  (2.7  sq.ft./t.c.h.). 

We  would  emphasise  that  these  figures  have  always  only  an  indicative  and  approximate 
value. 

Screen  areas  for  various  sizes  of  machine  are  given  in  Table  35.9. 


TABLE  35.9 


SCREEN 

AREA 

FOR  VARIOUS  SIZES 

OF  CENTRIFUGAL 

Size 

Area 

(mm) 

(in.) 

(sq.ft.) 

1 ,015  x 

610 

40  x  24 

20.9 

1.95 

1 ,015x 

760 

40  x  30 

26.2 

2.43 

1  ,065  x 

610 

42  X  24 

22 

2.04 

1  ,065  x 

760 

42  x  30 

27.5 

2.55 

1  ,220  x 

760 

48  X  30 

31.4 

2.92 

1  ,220  x 

915 

48  x  36 

37.7 

3.50 

1  ,220  x 

1,065 

48  x  42 

44.5 

4.10 

1,370x1,065  54x42        49.5  4.60 

Moment  of  inertia 

T\\e  moment  mevUa,  Aeftmuorv  wVkVvwetoe  %\\ew  m  «\ty.  $5 .9^,  p\a.^s  at\  \mpo\- 
tant  role  in  the  calculation  of  power  consumed  by  centrifugals. 

The  moment  of  inertia  depends  on  the  mass  of  the  rotating  bodies  and  their  distance  from 
the  axis  of  rotation.  It  is  different  therefore  according  as  the  centrifugal  is  empty  or  full  of 
massecuite,  and  again  changes  progressively  as  the  molasses  is  eliminated  during  the  fugall- 
ing.  We  may  thus  distinguish  three  principal  values  of  the  moment  of  inertia: 

(1)  Moment  of  inertia  of  the  empty  centrifugal 

(2)  Moment  of  inertia  of  the  centrifugal  filled  with  massecuite  immediately  after  charging 

(3)  Moment  of  inertia  of  the  centrifugal  filled  with  sugar,  at  the  end  of  the  fugalling. 
Moreover,  the  mass  of  the  rotating  material  is  not  the  same  for  all  machines  of  the  same 

dimensions.  For  example,  a  centrifugal  designed  to  resist  a  centrifugal  force  of  500  x  g 
would  not  be  designed  in  the  same  way  as  a  basket  intended  to  withstand  a  force  of  1,200 
x  g:  special  steels  of  higher  strength  would  be  employed  in  the  latter  case,  the  thickness  of 
metal  would  be  increased,  the  number  of  hoops  increased,  etc. 
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It  follows  that  the  moment  of  inertia  depends,  not  only  on  the  dimensions  of  the  cen- 
trifugal, but  also  on  the  speed  for  which  it  has  been  designed,  and  the  extent  to  which  it  is 
filled. 

Table  35.10  gives  moments  of  inertia  (kg  wt.m2  and  lb. wt. sq.ft.)  for  various  centrifugals. 


TABLE  35.10 


MOMENT  OF  INERTIA  OF  CENTRIFUGALS 


Dimensions 


Speed 
(r.p.m.) 


Moment  of  inertia 


(mm) 


(in.) 


kg  wt.m2 


lb,  wt,  sq.ft. 


Empty     Charged    Final      Empty     Charged  Final 


1,015  x 

610 

40  x 

24 

1,500 

9 

17 

15.5 

65 

123 

112 

1,015  x 

760 

40  x 

30 

1,500 

10 

20 

18 

72 

145 

130 

1,065  x 

610 

42  x 

24 

1,500 

11 

20 

16 

80 

145 

116 

1,065  x 

760 

42  x 

30 

1,500 

12.5 

23 

20 

90 

166 

145 

1,220  x 

760 

48  x 

30 

1,450 

24 

38.8 

34.7 

173 

280 

251 

1,220  x 

915 

48  x 

36 

1,300 

25 

44 

37 

180 

318 

268 

1,220  x 

1,065 

48  x 

42 

1,200 

26.3 

50.5 

41.5 

190 

365 

300 

1,370  x 

1,065 

54  x 

42 

1,200 

46 

78.6 

71.4 

332 

568 

517 

(For  values  in 

kg  m2, 

mil 

ltiply  the  above  figures 

by  9.8; 

for  values  in 

lb. sq.ft. 

multiply  the 

values  in  the  table  by  32.16.) 

Variation  of  moment  of  inertia.  The  moment  of  inertia  of  a  centrifugal  varies  according 
as  it  is  empty,  charged  with  massecuite  or  full  of  sugar.  It  is  of  interest  to  know  how  these 
moments  of  inertia  vary  with  the  characteristics  of  the  centrifugal.  For  this  purpose  we  shall 
discuss  what  are  the  limitations  which  its  dimensions  and  its  speed  impose,  and  which  are 
reflected  in  the  design  and  the  inertia  of  the  machine. 

Stress  in  the  basket.  The  most  important  element  concerned  in  the  moment  of  inertia  of 
the  empty  machine  is  the  basket.  Now,  the  thickness  of  the  shell  of  the  basket,  or  rather  the 
strength  of  the  combination  of  shell  and  hoops,  must  be  sufficient  to  withstand  the  cen- 
trifugal stresses  to  which  it  is  subjected. 

Let  M  be  the  total  mass  of  the  basket  and  the  massecuite  at  the  full  charge  for  which  it 
should  be  designed.  The  force  to  which  the  wall  of  the  basket  is  subjected  has  a  value  of: 

Fr  =  Mu2r  (35.24) 

This  force  is  distributed  over  the  whole  surface  of  the  wall.  Hence  the  stress  per  unit  area: 


P  = 


ttDH 


(35.25) 


From  the  point  of  view  which  concerns  us  (the  effect  of  variation  in  the  weight  of  the 
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basket),  it  reduces  to  assuming,  for  simplification,  that  the  basket  consists  of  a  shell  of 
uniform  thickness,  without  perforations  and  without  hoops.  In  this  case,  if/is  the  maximum 
stress  permissible  for  the  metal  employed,  we  shall  have  (Fig.  35.7): 


Fig.  35.7.  Stresses  in  basket. 


e  =  ^»  (35.26) 

e  -  thickness  of  metal. 
Or: 

Mu2rD  Afco2r 

e  =   (35.27) 

2irDHf  2vHf 

Now  Mis  proportional  to  D2Ifcf.  eqns.  35.21,  35.22),  as  far  as  the  principal  load,  i.e. 
the  massecuite,  is  concerned.  Using  k  and  k,  for  the  numerical  coefficients,  we  shall  have 
then: 

e  =  =  kxD^n1  (35.28) 

It  is  seen  that  the  thickness  of  the  basket  should  be  proportional  to  Din2. 

The  mass  m  of  the  basket  will  therefore  be  proportional  to  the  volume  of  the  metal  com- 
prising it: 

m  =  kz  wDeH  =  fa  irD  D}n2H  =  -t4  i?4//«2 

and  its  moment  of  inertia  /  will  be: 

p 

Ip=  mD2  =  A:4  Z)*//rt2  (35.29) 
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Actually,  the  moment  of  inertia  of  the  empty  centrifugal  varies  much  less  rapidly  as  a  func- 
tion of  each  of  the  three  factors  D,  H  and  n.  This  is  due  to  the  fact  that  the  motor,  the  shaft 
and  the  parts  other  than  the  basket  do  not  have  to  withstand  the  centrifugal  force  exerted 
by  the  massecuite,  also  to  the  fact  that,  as  the  centrifugal  stresses  increase,  the  designers 
employ  steel  of  higher  strength;  these  are  more  expensive  but  make  the  basket  lighter.  Final- 
ly, the  moment  of  inertia  of  the  empty  centrifugal  increases  only  according  to  the  formula: 

/   =  7nD5  V77     (/  =  0.074  nD5  V77)  (35.30) 

Moment  of  inertia  of  the  massecuite  or  sugar.  The  weight  of  massecuite  fugalled  is  propor- 
tional to  D2H(cf.  eqns.  35.21,  35.22).  Its  moment  of  inertia  /  will  thus  be  proportional  to: 

/  =  k  D2HD2  =  k  D*H 

s 

and  will  have  the  value: 

I  =  9DAH  (/  =  0.17  D4H)  (35.31) 

Total  moment  of  inertia  while  drying.  The  total  moment  of  inertia  during  the  drying  period 
will  thus  have  the  form: 


1=1+1    =  7  D4H  (          +  1.3  7  (35.32) 

W//  / 

These  values  assume  D  and  H  expressed  in  m  (ft.),  /  in  m2  kg  wt.  (square  feet-pounds 
weight),  and  n  in  thousands  of  r.p.m. 

Power  requirements 

There  are  two  types  of  power  to  be  considered  with  centrifugal  machines: 

(a)  The  power  for  starting,  or  power  required  during  the  period  of  acceleration:  Pa 

(b)  Power  while  running:  P. 

The  latter  is  obviously  much  smaller  than  the  former,  since  it  corresponds  only  to  main- 
taining the  speed,  whereas  the  power  for  starting  corresponds  to  the  expenditure  of  energy 
necessary  to  bring  the  centrifugal  from  rest  to  its  operating  speed,  thus  giving  it  a  con- 
siderable kinetic  energy. 


(a)  Acceleration  period.  The  theorem  of  kinetic  energy  gives  us: 


T  =  7^  =  Q    f'p.df  (35.33) 
2  J  o 


T  -  work  corresponding  to  the  acceleration  period 
Q    -  efficiency 

t    =  duration  of  the  acceleration  period. 
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Or,  assuming  the  power  is  constant  and  equal  to  the  mean  power  during  the  acceleration 
period: 

-  =  G  P  t  (35.34) 

Or: 

In 2 

PB  =  k  -  (35.35) 

k  =  numerical  coefficient. 

Replacing  /  by  its  value  taken  from  eqn.  (35.32),  corresponding  to  its  mean  value  for  the 
acceleration  period,  we  have: 

P  =  k  D4HnUnLL+  1.3  )  (35.36) 

In  practice,  we  may  take: 

D4Hn2  t  nD  \ 

p-'°-3~7-hs+1-3)  <3"7) 


H 

Pa  =  power  consumed  by  the  centrifugal  during  the  acceleration  period,  in  kW 
D  =  inside  diameter  of  basket,  in  m. 
H  =  interior  depth  of  basket,  in  m. 

n   =  speed  of  rotation  at  full  speed,  in  thousands  of  r.p.m. 
t    =  duration  of  acceleration  period,  in  min. 

(b)  Period  at  speed.  When  running  at  speed,  we  may  assume  that  the  torque  due  to  fric- 
tional  resistances  has  the  value: 

C  =  DAHn  (1  +  4n)  (35.38) 

C  =  torque  due  to  frictional  resistance,  in  m  kg. 
D  =  diameter  of  basket,  in  m. 
H  =  depth  of  basket,  in  m. 
n   =  speed  of  rotation,  in  thousands  of  r.p.m. 
Hence  the  power  consumption  while  at  speed: 

P  =  °"  =  D.Hn  (1  +  4n)  W5n 
75  75 
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or: 


D4  hfn2 

P   =  "  H"   (i  +  4/1)  (35.39) 
370 

p  =  power  consumed  by  the  centrifugal  at  speed,  in  kW. 

Power  and  capacity 

From  eqn.  (35.15),  we  may  deduce: 

N  =  K  n2D  (35.40) 

N  =  number  of  cycles  per  hour. 

This  equation,  however,  is  valid  only  for  the  running  period.  The  accelerating  time,  on  the 
other  hand,  would  be  detrimentally  affected  by  n  and  by  D\  in  more  precise  terms,  eqn. 
(35.37)  shows  that,  merely  to  retain  the  same  accelerating  time  t  with  a  centrifugal  of  larger 
diameter,  it  is  necessary  to  expend  a  power  consumption  P  more  than  proportional  to  D4: 
we  thus  see  the  enormous  influence  of  diameter.  Braking  time  is  similarly  affected.  Discharg- 
ing time  remains  approximately  the  same  in  all  cases.  Since  with  low-grade  products  the  runn- 
ing period  predominates,  we  may  consider  eqn.  (35.40)  as  a  close  approximation  for  this  case. 
If  we  relate  it  to  eqn.  (35.23),  the  latter  becomes: 

Y  =  kD'Hn2  (35.41) 

The  power  exerted  per  unit  weight  of  massecuite  treated  or  per  unit  rate  of  sugar  produced 
is  thus: 
(a)  Accelerating: 


Y 

(b)  Running: 


:^^-k>'" ^-1  ^^4-33)  ==AAr'^- 1-3  )  (35.42) 


l-^S      M-M.it,  t 


P  DAHn2 

s  =  fc"  (i  +  4n)  =  k"  D(l  +  4/i)  (35.43) 

Y  D*Hn2 


It  is  seen  that  the  power  consumption  per  unit  weight  of  sugar  increases  with  diameter  of 
machine,  and,  to  a  smaller  extent,  with  the  speed. 

This  expression  for  the  relationship  of  specific  power  as  increasing  with  D  and  to  a  lesser 
extent  with  n,  is,  however,  more  marked  with  A  and  B  sugars. 

On  the  other  hand,  the  height  H  scarcely  affects  the  situation:  capacity  and  power  are  both 
approximately  proportional  to  H.  Hence  the  advantage  of  choosing  a  centrifugal  giving  the 
greatest  depth  of  basket  for  a  given  diameter. 
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The  diameter,  however,  offers  an  advantage,  in  addition  to  its  influence  on  capacity.  Since 
alternating  current  at  50  cycles  generally  fixes  the  speed  at  1,500  r.p.m.,  only  the  diameter 
can  in  effect  be  varied  to  increase  the  centrifugal  force.  Hence  the  advantage  of  large 
diameters,  at  least  for  low-grade  material,  provided  of  course  that  the  speed  of  1,500  r.p.m. 
is  used.  For  A  and  B  sugars,  the  centrifugal  force  developed  at  1 ,200 or  l,300r.p.m.  is  ample, 
even  at  1,065  mm  (42  in.)  diameter. 

Typical  values  of  power  consumption  at  speed.  Application  of  eqn.  (35.39)  gives  the 
figures  shown  in  Table  35.11: 

TABLE  35.11 


POWER  CONSUMPTION  OF  CENTRIFUGALS  AT  SPEED 


Dimensions 

Power, 

in  kW (h.p.),  required  at: 

(mm) 

(in.) 

1,000  r.p.m. 

1,500  r.p.m. 

2,000  r.p.m. 

1  ,015  x 

610 

40  x  24 

3.4  (4.5) 

10.7  (14.2) 

24.5  (32.6) 

1  ,015  x 

760 

40  x  30 

4.3  (5.7) 

13.4  (17.9) 

30.7  (40.9) 

1  ,065  x 

610 

42  X  24 

4.1  (5.5) 

13.0  (17.3) 

1  ,065  x 

760 

42  x  30 

5.2  (6.9) 

16.4  (21.8) 

1  ,220  x 

760 

48  X  30 

8.9  (11.8) 

27.8  (37.1) 

1  ,220  X 

915 

48  X  36 

10.6  (14.1) 

33.4  (44.5) 

1  ,220  x 

1,065 

48  X  42 

12.4  (16.5) 

39.0  (52  ) 

1,370  x 

1,065 

54  X  42 

19.8  (26.4) 

62.5  (83.3) 

ELECTRIC  DRIVE 

There  were  previously  three  classical  methods  of  drive  for  centrifugals:  hydraulic,  belt  and 
electric  motor.  Only  electric  drive  has  survived.  Thus  we  consider  only  electrically  driven 
centrifugals. 

Coupling 

These  machines  are  driven  by  a  vertical  electrical  motor,  the  shaft  of  which  is  in  line  with 
that  of  the  centrifugal,  and  which  drives  it  either  by  a  direct  coupling,  by  means  of  a  friction 
clutch,  or  a  hydraulic  coupling.  The  friction  clutch,  the  brake  lining  of  which  wore  rapidly, 
is  no  longer  employed.  The  hydraulic  coupling  consisted  of  a  driving  wheel  fixed  to  the  motor 
shaft,  and  driving,  through  the  medium  of  oil,  a  turbine  wheel  fixed  to  the  centrifugal  shaft. 
This  assured  a  smooth  drive.  This  method  of  drive  was  very  successful  throughout  1955 
under  the  name  of  "fluid  drive",  but  it  involved  a  high  power  consumption,  of  the  order 
of  13  kWh  per  tonne  of  sugar,  or  more  than  double  the  normal  consumption;  for  this  reason 
it  has  fallen  from  favour.  Direct  drive  is  now  practically  universal. 

Motors  for  centrifugal  drive 

There  are  two  principal  methods  of  electric  drive  for  centrifugals: 
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(1)  By  3-phase  induction  motor:  this  may  have  a  wound  rotor,  but  more  often  is  of 
squirrel-cage  type.  The  latter  type  is  distinguished  by  its  simplicity  and  robustness. 

(2)  By  direct-current  motors  supplied  through  thyristors  from  the  a.c.  network  of  the  fac- 
tory. This  solution  offers  several  advantages: 

(a)  Choice  of  speed  of  the  centrifugal  independent  of  the  frequency  of  the  a.c.  supply. 
Speed  is  no  longer  tied  to  1,500  r.p.m. 

(b)  Precise  control  of  speed,  hence  of  the  drying  time. 

(c)  Specific  power  consumption  one-third  to  two-thirds  of  that  of  an  induction  motor: 
3-4  kWh/tonne  of  sugar  in  the  massecuite,  as  against  8—10  kWh/tonne. 

(d)  Elimination  of  the  peak  current  demands  for  each  change  of  polarity  of  an  induction 
motor.  The  power  demand  of  the  d.c.  motor  is  constant  and  controllable  during  acceleration 
and  braking. 

(e)  Less  heating  of  the  motor.  The  higher  power  consumption  of  the  induction  motor 
causes  heating  of  the  rotor  before  changing  of  polarity  and  braking.  The  efficiency  of  the 
d.c.  motor  is  much  higher,  leaving  about  one-third  of  the  heat  to  be  dissipated,  thus  render- 
ing the  motor  much  smaller. 

(/)Operation  without  sudden  peak  loads,  due  to  elimination  of  the  abrupt  acceleration 
with  an  induction  motor.  Mechanical  parts  are  thus  less  critical. 

(g)  Flexibility  of  operation,  due  to  control  of  the  rates  of  acceleration  and  braking,  thus 
permitting  adaptation  of  the  fugalling  to  the  quality  of  massecuite  handled.  This  regulation 
is  not  possible  with  induction  motors. 


Fig.  35.8.  Diagram  couple/speed  of  a  C41 )  centrifugal. 
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Regenerative  braking 

One  of  the  interesting  characteristics  of  electric  centrifugals  is  that,  thanks  to  regenerative 
braking,  they  permit  of  a  partial  recovery  of  the  energy  expended.  With  alternating  current 
this  is  obtained  by  means  of  a  motor  of  double  polarity,  which  can  work  with  half  the  normal 
number  of  poles.  Such  a  motor  will  run  for  example  at  1,500  r.p.m.  (4  poles)  or  750  r.p.m. 
(8  poles),  and  if  it  is  switched  abruptly  from  4  to  8  poles,  it  will  return  energy  to  the  line 
until  its  speed  has  fallen  to  750  r.p.m. 

In  practice,  this  regenerative  braking  is  effective  only  down  to  about  60%  of  the  normal 
speed.  However,  this  corresponds  to  more  than  half  the  stored  energy,  since: 

l2  -  0.62  =  0.64 

It  will  be  seen  that  the  energy  thus  recovered  represents  only  a  small  fraction  of  the  total 
energy  used.  It  is  no  less  interesting  on  that  account. 

With  d.c.  motors,  a  much  greater  proportion  of  the  stored  energy  may  be  recovered.  In- 
deed, with  present-day  motors,  supplied  by  thyristors,  as  the  supply  is  unidirectional, 
regenerative  braking  is  obtained  by  reversing  the  direction  of  the  excitation  current.  The 
motor  thus  works  as  a  generator. 

Operating  conditions  of  centrifugal  motors 

The  efficiency  of  electric  motors  driving  centrifugals  is  low,  since  they  operate  alternately 
during  acceleration  and  during  running  at  speed,  and  there  are  no  motors  in  existence  which 
give  a  good  efficiency  in  conditions  varying  so  greatly. 

The  same  disadvantages  are  encountered  again  with  regard  to  power  factor.  The  power 
factor  increases  to  0.80  or  0.90  for  a  brief  period  during  the  acceleration,  but  will  fall  to  0.40 
or  0.50  while  running  at  speed.  At  that  part  of  the  cycle,  the  power  of  the  motor  is  con- 
siderably greater  than  that  required  to  maintain  the  speed  (on  the  subject  of  the  power  factor, 
cf.  p.  1074). 

It  is  of  advantage,  therefore,  not  to  seek  too  rapid  an  acceleration.  A  compromise  should 
be  sought  between  a  motor  too  powerful,  which  will  accelerate  rapidly  and  which  will  have 
a  low  efficiency  and  a  low  power  factor  while  running,  and  a  motor  of  too  low  a  power, 
which  will  lose  much  time  in  acceleration. 

For  high-grade  massecuite,  it  is  of  advantage  to  have  somewhat  more  powerful  motors, 
since  they  are  nearly  all  the  time  engaged  in  accelerating.  For  low-grade  products,  on  the 
other  hand,  it  will  be  of  advantage  to  take  care  of  the  power  factor  on  account  of  the  long 
period  of  running  at  speed. 

On  the  other  hand,  what  limits  the  power  of  an  electric  motor  is  the  heat  produced.  If  it 
is  capable  of  supplying  50  kW  when  running  continuously,  it  would,  for  example,  be  able 
to  give  an  output  of  60  kW  if  it  were  stopped  for  j  minute  in  every  3  or  4.  Conversely,  a 
motor  which  delivers  a  peak  power  at  short  intervals  will  be  obliged  to  run  for  the  rest  of 
the  time  at  a  lower  power  output  than  the  mean  continuous  power  of  which  it  is  capable, 
to  avoid  exceeding  its  maximum  permissible  temperature. 

Now  centrifugal  motors  necessarily  work  in  a  very  intermittent  manner:  they  furnish  a  high 
peak  power  during  acceleration,  run  for  some  time  at  speed,  then  have  an  idle  period  cor- 
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responding  to  the  braking  and  discharging.  The  motor  to  be  adopted  will  depend  then  on 
the  duration  of  the  cycle,  and  on  the  conditions  of  acceleration  which  are  desired.  We  shall 
see  below  "Choice  of  electric  motor"  (at  foot  of  this  page)  how  the  power  should  be  deter- 
mined as  a  function  of  these  diverse  requirements. 

Power-factor  correction 

In  an  electrified  factory,  it  is  the  centrifugal  station  which  generally  plays  the  greatest  part 
in  depressing  the  power  factor,  on  account  of  the  abnormal  conditions  of  operation  of  its 
motors. 

At  Puunene,  in  Hawaii6,  measurements  were  made  of  the  power  factor  of  a  battery  of  15 
centrifugals  of  1,065  x  610  mm  (42  x  24  in.),  using  3-phase  current  at  60  cycles,  440  V, 
with  2-speed  motors  (1,200/600  r.p.m.)  taking  22.5  kW  (30  h.p.)  during  acceleration  and 
3.25  kW  (5  h.p.)  during  running.  For  the  running  period  a  value  of  cos  $  =  0.442  was  found. 
After  connecting  static  3-phase  condensers  of  10  kVA  to  the  motors,  the  power  factor  was 
increased  to  0.876  for  the  same  period.  The  total  current  taken  by  the  motor,  previously 
23.15  A,  was  thus  reduced  to  11.7  A,  or  a  saving  of  50%. 

Speeds  for  charging  and  ploughing  out 

The  centrifugal  is  fed  with  massecuite  at  a  speed  between  100  and  350  r.p.m.,  preferably  in 
the  neighbourhood  of  240  r.p.m.;  discharging  by  plough  at  a  speed  between  30  and  60  r.p.m., 
preferably  about  35  r.p.m. 

The  firm  of  Broadbent  supplies  electric  motors  capable  of  operating  at  five  different 
speeds,  three  of  these  being  fixed  and  two  adjustable,  for  feeding  and  ploughing  out7. 

Special  characteristics  of  electric  drive 

Although  they  are  almost  universal  at  the  present  day,  electrically  driven  centrifugals  do 
possess  some  disadvantages.  They  demand  of  their  motors  contradictory  operating  condi- 
tions, since  these  conditions  cannot  be  optimal  at  the  same  time  for  accelerating  and  for 
operation  at  speed.  The  motor  is  thus  the  result  of  a  compromise,  the  most  obvious  effect 
of  which  is  to  reduce  the  power  factor. 

Electrical  centrifugals  are  rather  expensive,  since  they  demand  as  many  motors  as  there  are 
machines.  Each  machine,  however,  is  independent,  forming  a  separate  unit  by  itself;  hence 
ease  of  locating  each  machine.  If  trouble  is  encountered  with  one  motor,  only  one  machine 
is  shut  down;  hence  minimum  interruption  to  production. 

The  individual  motor  has  enabled  the  realisation  of  machines  of  highest  performance, 
highest  capacities,  and  best  quality  of  sugar  produced.  Upkeep  expense  is  less:  breakdown, 
stoppages  and  replacements  of  motors  are  rare.  Complete  automation  has  made  them 
economical  in  labour. 

These  advantages  have  led  to  their  quasi-monopoly.  Their  real  competitor  is  still  an  electric 
machine:  the  continuous  centrifugal,  which  is  destined  to  be  further  improved  and  to 
gradually  replace  the  batch  centrifugal. 

Choice  of  electric  motor 

Three  factors  are  involved  in  choice  of  motor. 
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Fig.  35.9.  Control  panel  of  a  group  of  automatic  centrifugals 
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(1)  Speed.  The  supply  available  being  generally  a.c,  limits  the  number  of  possible  speeds 
for  induction  motors  to  two.  For  normal  European  supply,  corresponding  to  3-phase  50 
cycles,  these  are  1,000  and  1,500  r.p.m.  The  speed  of  1,000  r.p.m.  is  now  exceeded,  which 
no  longer  leaves  any  choice  for  induction  motors.  For  American  standards  of  60-cycle 
3-phase  supply,  the  possible  speeds  are  1,200  and  1,800  r.p.m.,  both  of  which  are  acceptable, 
the  former  for  larger  diameters,  and  the  latter  for  machines  of  1,015  mm  (40  in.)  diameter; 
in  the  latter  case  an  exceptional  centrifugal  force  and  separating  power  is  available. 

If  intermediate  speeds  are  required,  it  is  necessary  to  resort  to  a  d.c.  motor,  which  allows 
European  manufacturers  to  depart  from  the  "magic  number"  of  1,500  r.p.m.  and  to  adopt 
in  all  cases  the  speed  considered  optimal. 

With  European  standards,  we  may  take: 

(a)  For  high-grade  sugars,  1,500  r.p.m.  for  1,065-mm  (42-in.)  machines.  On  the  other 
hand,  1,200  or  1,300  r.p.m.  may  be  sufficient  for  1 ,220-mm  (48-in.)  or  I,370-mm  (54-in.) 
centrifugals,  although  1,500  r.p.m.  may  in  many  cases  be  preferable. 

(b)  With  low-grade  massecuite,  a  speed  of  1,500  r.p.m.  is  strongly  recommended  for  all 
sizes,  and  a  higher  speed  if  possible  for  1,065-mm  (42-in.)  machines. 

(2)  Cycle.  The  operating  cycle  is  more  or  less  fixed,  on  the  one  hand  by  the  speed  chosen, 
on  the  other  hand  by  the  massecuite  to  be  treated.  Generally,  we  may  reckon: 

18-25  cycles  per  hour  for  A  and  B  sugars 
2-4  cycles  per  hour  with  low  grades 

these  figures  allowing  some  safety  margin. 

Motors  should  be  designed  for  the  maximum  number  of  operations,  say: 

25  -  30  per  hour  for  A  and  B 
6  per  hour  for  low  grade 

(3)  Acceleration  time.  In  the  case  of  high-grade  massecuites,  it  is  of  advantage  to  reduce 
the  acceleration  time  to  a  minimum,  in  order  to  increase  the  useful  operating  time,  and  so 
improve  the  capacity  of  the  machine.  There  is,  however,  obviously  a  limit  below  which  the 
acceleration  time  should  not  be  reduced,  imposed  either  by  heating  of  the  motor  or  by  the 
maximum  peak  load  of  which  the  motor  is  capable. 

The  maximum  current  which  a  motor  can  stand  without  damage  is  generally  of  the  order 
of  three  times  the  mean  current  corresponding  to  the  nominal  continuous  load  for  the  motor. 
With  low-grade  massecuite  the  position  is  much  easier,  since  it  is  preferable  to  accelerate 
more  slowly:  too  abrupt  an  acceleration  provokes  a  settling  of  the  crystals  which  can 
sometimes  obstruct  the  interstitial  passages  for  the  molasses,  when  the  crystals  are  not 
uniform. 

Recent  installations  and  present  trends 

Until  the  end  of  the  Second  World  War,  all  operations  of  batch  centrifugals  were  still 
manually  performed.  Since  that  time,  enormous  progress  has  been  made  in  automation.  A 
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first  stage  consisted  of  relieving  the  operator  of  the  laborious  operations,  particularly 
discharging,  which  was  realised  by  means  of  "ploughs"  (Fig.  35.10).  The  equipment 
necessary  for  the  various  elementary  operations  of  the  cycle  was  furnished  with  servo- 
motors, and  the  operator  then  had  only  to  give  the  signal  to  initiate  these  operations  at  the 
appropriate  moment,  generally  by  simple  push-buttons.  Next,  all  these  movements  have  been 
put  under  the  control  of  an  installation  of  contactors,  time  switches  or  time  delay  relays, 
which  control  and  carry  out  all  the  necessary  operations  of  the  cycle.  The  fuga]  operator  has 
become  redundant  and  a  simple  supervisor  is  sufficient;  present-day  fugals  are  now  entirely 
automatic. 


Fig.  35.10.  Automatic  plough  (Western  States). 

The  actuating  medium  is  often  compressed  air,  actuated  by  electrically  operated  valves. 
Pneumatic  operation  can  thus  be  applied  to  the  massecuite  feed  valve,  to  wash  water,  to 
separation  of  run-off  molasses,  to  mechanical  braking,  to  the  closing  device  at  the  bottom 
of  the  basket,  to  the  cover  of  the  monitor  casing.  There  are  also  discharge  ploughs  actuated 
by  compressed  air  or  electric  motor. 

With  the  aid  of  knurled  knobs  and  graduated  dials,  the  various  periods  of  the  cycle  can 
be  set  and  regulated:  starting,  acceleration,  running  at  speed,  braking,  discharging.  Charging 
is  regulated  and  the  massecuite  valve  closed  with  the  aid  of  a  feeler  which  is  set  according 
to  the  thickness  of  the  massecuite  layer  required. 
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Fig.  35.11.  Baiteryof3  "Compact  220"  centrifugals  (48  x  30  in.)  Induction-motor  drive  (Fives  Cm.  -  Babcock) 

In  the  field  of  French  machines,  the  most  notable  at  present  is  the  "Compact"  of  Fives 
Cail- Babcock  (Fig.  35.11).  These  machines  require  no  overhead  steelwork,  as  the  motor  is 
supported  by  a  cone  mounted  on  the  monitor  casing  of  the  centrifugal;  hence  economy  in 
installation  costs  and  great  stability.  The  cone  is  easily  and  rapidly  dismantled. 

Fives  Cail -Babcock  offer  the  "Compact"  machine  in  three  models,  the  standard  C411 
and  two  optional  models  for  factories  treating  less  than  220  t.c.h.  Figures  for  these  are  given 
in  Table  35.12,  which  also  includes  some  figures  for  B.M.A.  machines,  also  widely 
employed. 

Fives  Cail -Babcock  reckon  the  capacity  of  a  C4I1,  with  massecuite  purity  of  88,  as  24 
t/h  of  massecuite  (16  mVh).  with  sugar  output  of  410  t/24  h. 
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TABLE  35.12 
"COMPACT"  centrifugals  (FIVES  Cael  -  Babcock) 


Massecuite 

Massecuite 

thickness 

capacity  (max.) 

Model        D  x  H 

D  x  H 

  Speed  Cycles 

Sugar 

(mm) 

(in.) 

(mm)  ( 

in.)  (kg) 

(lb.)       (r.p.m.)  (perh) 

(t/24ht 

C411     1,370  x  1,065 

54  x  42 

195 

8  1,300 

2,865        1,200  24 

410 

C221     1,220  x  760 

48  x  30 

175 

7  700 

1 ,540  1 ,450  25 

C331     1,220x  1,065 

58  x  42 

175 

71,000 

2,200        1,300  24 

B.M.A.  CENTRIFUGALS 

Massecuite 

Massecuite 

thickness 

capacity  (max.) 

Model                 D  x 

H 

D  x  H 

Speed 

(mm) 

(in.) 

(mm)  (in.) 

(kg)  (lb.) 

(r.p.m.) 

Standard           1,320  x 

800 

52  X  311 

180  7 

800  1 ,750 

l,320x 

1,000 

52  x  39 

180  7 

1,000  2,200 

Variant            1,320  x 

1,000 

52  x  39 

1,000  2,200 

1,500 

1,320  x 

1,000 

52  x  39 

1,250  2,750 

1,500 

1,320  x 

1,220 

52  x  48 

1,550  3,400 

1,500 

The  basket  is  of  stainless  steel,  the  hoops  of  alloy  steel  of  very  high  tensile  strength.  The 
fugals  are  entirely  automatic,  the  control  equipment,  with  time  switches  and  indicating  in- 
struments, being  housed  in  cabinets,  with  a  small  panel  at  the  machine  for  manual  control 
for  test  purposes,  and  another  panel  where  in  case  of  trouble  a  signal  light  serves  to  indicate 
the  location  of  the  fault. 

The  machines  of  one  battery  are  coordinated  by  a  device  assuring  a  regular  sequence  of 
commencing  the  cycles  of  different  machines,  in  order  to  avoid  simultaneous  starting  or  stop- 
ping and  to  achieve  a  steady  power  consumption. 

The  plough  is  actuated  by  compressed  air,  a  piston  moving  it  vertically  and  swinging  it  into 
position.  Its  blade  remains  outside  the  casing  during  charging  and  spinning.  Discharge  takes 
place  at  a  speed  of  40  r.p.m. 

Figure  35.8  (p.  780)  shows  a  graph  of  speed  and  torque  for  a  "Compact  C411"  on  A 
massecuite. 

As  an  example  of  recent  installations  from  other  countries,  we  take  one  of  the  best  known, 
that  of  Roberts  (Western  States)  (Fig.  35.12).  This  organisation  manufactures  the  machines 
shown  in  Table  35.13. 

The  1,220  X  760  mm  (48  X  30  in.)  machines  running  at  1,450  r.p.m.  and  the  1,370  x 
1,015  mm  (54  x  40  in.)  machines  (1,160  r.p.m.)  are  generally  designed  for  low-grade 
massecuite. 

All  the  centrifugals  listed  in  Table  35.13  can  be  supplied  as  fully  automatic  machines.  The 
motors  are  two-speed,  of  squirrel-cage  type.  Water  washing  is  applied  under  a  pressure  of 
3.5  kg/cm2  (50  p.s.i.),  by  a  pipe  with  6,  7  or  9  nozzles,  each  delivering  9  l/min(2  gal./min). 
The  wash  period  may  be  adjusted  between  3  and  12  seconds.  Discharge  is  effected  by  rotating 
the  basket  in  the  opposite  direction  by  an  independent  2.3-kW  (3-h.p.)  motor;  this  has  per- 
mitted the  designer  to  leave  the  plough  inside  the  basket,  its  blade  facing  forward  during  the 
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Fig-  35,12    Battery  of  6  Roberts  G  &  D  centrifugals.  54  x  40  in.:  d.c.  and  thyristor  static  converter  (Western  States). 


TABLE  35.12 


WESTERN  STATES  G8  CENTRIFUGALS 


B1  X-  if-' 

(mm) 

D  Jt  X* 

(in.) 

Massecuite 
thickness 

Massecuite 
capacity 

Speed 
(r.p.m,, 

Factor 
G 

Cycles 

Massecuite 
capacity 

(mm) 

(in.) 

(dm*, 

(cu.ft.) 

(s) 

(per  h) 

(cu.ft.  /It? 

1,015  x  760 

40  x  30 

15C 

6 

315 

11.2 

1,150 

645 

202 

18 

5,650 

200 

315 

11.2 

1,450 

1,026 

170 

21 

6,700 

237 

1,220  X  760 

48  X  30 

175 

7 

445 

15.7 

960 

542 

210 

17 

7,620 

270 

445 

15.7 

1,160 

792 

180 

20 

8,890 

314 

445 

15.7 

1,450 

1,238 

165 

22 

9,700 

342 

1,220  x  915 

48  x  36 

175 

7 

530 

18.8 

960 

542 

215 

17 

8,890 

314 

530 

18.8 

1,160 

792 

185 

19 

10,400 

368 

1,370  x  1,015 

54  x  40 

175 

7 

670 

23.9 

860 

497 

230 

16 

10,400 

365 

670 

23.9 

960 

620 

210 

17 

I1.30G 

400 

670 

23.9 

1,050 

741 

19C 

19 

12,600 

443 

670 

23.9 

1,160 

905 

180 

20 

13,200 

466 

790 
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ploughing,  but  backward  relative  to  the  operating  rotation.  The  end  portion  of  the  blade  is 
flexible.  The  discharging  speed  of  the  basket  is  35  r.p.m. 

The  electrical  installation  provides  numerous  safety  devices,  e.g.  the  motors  are  equipped 
with  thermal  overload  relays;  they  cannot  be  switched  to  high  speed  without  having  passed 
through  low  speed;  the  small  reverse  motor  for  ploughing  cannot  be  switched  on  unless  the 
main  motor  has  been  switched  off;  ploughing  cannot  be  carried  out  unless  washing  has  taken 
place;  the  plough  and  the  mechanism  for  lifting  the  discharge  cone  are  interconnected. 


OPERATION  OF  CENTRIFUGALS 

Washing 

From  the  centrifuging  point  of  view,  three  fractions  of  the  molasses  must  be  distinguished: 

(a)  The  excess  molasses,  which  is  the  proportion  in  excess  of  what  is  necessary  to  just  fill 
the  voids  between  the  crystals.  This  excess  renders  the  massecuite  fluid  and  is  removed  very 
readily. 

(b)  The  proportion  just  necessary  to  fill  the  voids  between  crystals.  This  has  to  be  removed 
by  flowing  between  the  crystals  which  are  then  touching  each  other.  It  is  more  difficult  to 
remove  than  the  excess  fluid. 

(c)  The  molasses  film  surrounding  the  crystals.  This  is  much  the  most  difficult  to  remove, 
on  account  of  its  adhesion. 

(A)  Water  washing.  Due  to  this  film,  it  is  seldom  possible  to  produce  a  suitable  commercial 
sugar  without  some  washing.  This  consists  of  applying  water  in  a  fine  spray  on  the  surface 
of  the  sugar,  when  the  first  two  fractions  of  molasses  have  been  removed.  The  water  washes 
the  molasses  film  and  removes  it;  at  the  same  time  it  unavoidably  dissolves  a  small  amount 
of  sugar,  and  the  washing  period  thus  gives  a  molasses  of  higher  purity  and  lower  brix,  called 
"rich  syrup"  or  "light  molasses".  This  is  sometimes  separated  from  the  first  portions  of 
molasses  separated,  which  are  known  as  "poor"  or  "heavy"  molasses,  if  the  quantity  of  it 
is  worth  the  extra  trouble!  However,  to  avoid  detrimental  effects  on  the  purity  drop,  the 
amount  of  washing  must  be  kept  to  a  minimum;  with  automatic  centrifugals,  washing  for 
example  will  occupy  from  2  to  8  s;  2  -  3  s  often  being  sufficient  to  give  the  required  improve- 
ment in  colour  and  quality. 

It  has  been  found  in  Mauritius8  that  the  polarisation  of  the  sugar  was  better  when  the 
washing  was  effected  later  in  the  course  of  the  drying  period  (30  -  40  s  after  high  speed  has 
been  reached). 

Chapman9  estimates  that  the  best  moment  for  applying  wash  is  when  75%  of  the  molasses 
has  been  eliminated.  With  high-speed  centrifugals  operating  on  a  short  cycle,  the  washing, 
which  lasts  from  3  to  10  s,  is  effected  about  50  s  after  charging  or  about  20  s  before  the  end 
of  the  period  of  running  at  high  speed. 

Benz10,  in  Germany,  has  given  a  formula  relating  the  quantity  of  water  used  for  washing 
to  the  corresponding  rise  in  purity  of  the  sugar: 


(35.44) 
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Tromp12  quotes  a  maximum  of  8%  of  sugar  for  wash  water. 

The  values  used  for  modern  centrifugals  are  generally  much  lower  than  these  figures,  often 
less  than  half.  They  often  vary  between  2  and  5%  on  weight  of  sugar. 

Double  purging.  Double  purging  is  at  present  employed  in  the  manufacture  of  white  sugar. 
With  raw  sugar,  it  is  rarely  used  for  high-grade  massecuites,  but  is  often  used  for  C  sugars. 

It  consists  of  first  purging  the  massecuite  in  a  battery  of  centrifugals  without  any  washing. 
The  molasses  obtained  is  thus  a  "poor"  or  "heavy"  molasses.  The  sugar  is  discharged  into 
a  mixer  located  below  these  first  centrifugals,  where  it  is  remixed  to  a  massecuite  by  mingling 
with  higher-purity  molasses  or  with  syrup,  clarified  juice,  or  water.  From  there  it  is  sent  to 
the  mixer-distributor  of  a  second  battery  of  centrifugals,  called  "finishing"  centrifugals, 
where  it  is  purged  with  water  and  steam  washing.  The  molasses  so  obtained  is  a  "rich"  or 
"light"  molasses. 

This  procedure  gives  a  beautiful  sugar  and  an  excellent  separation  of  molasses,  but  requires 
two  batteries  of  machines  instead  of  one. 

Double  purging  of  C  sugar.  With  C  massecuite,  double  purging  improves  the  exhaustion, 
gives  considerable  safeguard  against  irregularities  of  work  in  the  final  massecuite,  and  assists 
a  better  elimination  of  starch13,  hence  a  better  filterability  of  A  and  B  sugars. 

The  C  sugar  obtained  in  the  first  set  of  fugals  is  remixed  as  a  magma  in  the  mixer  below 
the  machines,  generally  by  mingling  with  B  molasses.  Fresh  B  molasses  is  used,  taken  from 
the  storage  tanks,  diluted  to  70°  brix  and  reheated  to  70°C  (158°F). 

After  the  second  purging,  the  resulting  C  sugar  is  again  mixed  to  a  magma  with  syrup. 
About  30%  of  syrup  will  be  used  for  70%  of  C  sugar;  or  in  terms  of  dry  substance,  20% 
in  the  syrup  and  80%  in  the  sugar.  The  rich  syrup  obtained  by  the  second  purging  in  the 
finishing  fugals  will  be  returned  to  the  C  massecuite  and  not  to  the  B  strikes;  it  will  be 
pumped  to  the  B  storage  tank  or  preferably  to  a  special  tank  alongside,  without 
recirculation14. 

Relative  capacities  of  first  and  finishing  fugals.  The  battery  of  machines  for  first  purging 
is  practically  the  same  as  for  single  purging. 

The  finishing  machines,  having  a  much  lighter  and  more  rapid  duty,  can  be  substantially 
smaller  in  number.  Davies15  gives  them  a  capacity  2\  times  higher  than  that  of  the  first  purg- 
ing machines,  or,  for  conditions  in  Jamaica,  1.7  and  4.2  m3/h  (60  and  150  cu.ft./h),  respec- 
tively, or  5  machines  for  first  purging  for  every  2  finishing  machines,  if  they  are  similar 
machines.  In  the  same  tests,  he  has  obtained  with  double  purging  a  sugar  of  95.2  polarisa- 
tion, compared  with  88.8  for  single  purging.  When  the  fugalling  of  C  sugar  is  slow  and 
laborious,  the  relative  capacity  of  the  finishing  machines  is  still  more  marked  and  their 
number  may  be  as  low  as  one-third  of  that  of  the  first  purging  machines. 

Purity  of  low-grade  sugar 

It  is  estimated  in  Hawaii16  that  the  purity  of  the  sugar  from  the  low-grade  massecuite  should 
be  maintained  in  the  region  of  70  —  75  apparent.  If  the  purity  falls  below  this  figure,  the  quali- 
ty of  the  high-grade  sugars  would  feel  the  effects  of  it,  in  darker  colour  and  in  filterability 
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in  the  refinery;  and  there  would  be  an  increase  in  the  volume  of  low-grade  massecuite  to  be 
handled  at  pans,  crystallisers  and  centrifugals  (it  is  necessary  to  allow  for  30%  more  low- 
grade  massecuite  for  sugar  at  a  purity  of  65  relative  to  sugar  at  a  purity  of  75). 

These  Hawaiian  values  are  very  low;  when  raw  sugar  of  a  high  polarisation  is  manufac- 
tured, by  the  single-  or  double-magma  system,  it  is  necessary  to  maintain  a  purity  of  80  —  85 
for  the  C  sugar,  85  if  possible.  With  double  purging,  this  may  go  as  high  as  88-92. 

Conditions  for  good  performance.  Good  performance  at  the  centrifugals  depends  on  two 
essential  properties  of  the  massecuite  to  be  treated: 

(a)  Uniformity  of  grain  size 

(b)  Viscosity  of  the  mother  liquor. 

When  the  grain  is  not  uniform,  fugalling  can  become  very  difficult.  A  definite  symptom 
is  given  by  the  appearance  of  a  film  of  molasses  on  the  inner  face  of  the  wall  of  sugar,  which 
persists  sometimes  until  the  end  of  the  fugalling. 

In  this  case,  and  if  the  type  of  machine  permits,  a  slower  and  more  gradual  acceleration 
of  the  machine  should  be  tried:  a  centrifugal  with  very  rapid  acceleration  provokes  the  for- 
mation against  the  gauze  of  a  tightly-packed  layer  of  sugar  which  seriously  retards  the 
passage  of  the  molasses,  since  the  fine  grain  lodges  in  the  interstices  between  the  larger  grains. 
The  best  period  of  acceleration,  in  this  case,  is  such  as  to  accelerate  from  zero  to  1,500  r.p.m. 
in  approximately  2j-3  minutes.  A  slow  machine,  or  rather  one  with  a  long  acceleration 
period,  will  give  in  this  case  a  better-quality  sugar  and  a  better  elimination  of  molasses;  at 
the  same  time  it  offers  the  advantage  of  a  much  lower  peak  power  consumption. 

Such  slow  acceleration  is  recommended  for  C  massecuites;  but  the  proper  solution  consists 
above  all  of  arranging  to  produce  massecuites  with  a  grain  size  as  uniform  as  possible. 

Ventilation  and  desiccation 

Chapman17  recalls  that  various  tests  have  demonstrated  the  unfavourable  effect  of  evapora- 
tion and  cooling  on  the  fugalling  of  low-grade  sugars:  the  proportion  of  residual  molasses 
may  be  found  to  increase  by  more  than  half  (e.g.  23%  on  crystal,  compared  with  15%).  He 
recommends  accordingly  that  covers  should  be  provided  always  for  low-grade  fugals  and  that 
they  should  be  kept  closed  while  running  to  minimise  air  circulation  and  cooling  of  the 
massecuite,  and  that  a  very  small  quantity  of  steam  should  be  introduced  inside  the  basket, 
to  maintain  a  high  humidity  with  the  same  object. 

Cleaning 

It  is  advisable  to  clean  the  centrifugal  gauzes  with  steam,  at  least  once  per  day,  in  order  to 
remove  crystals  which  lodge  in  the  openings.  The  manufacturers  supply  a  small  pipe  especial- 
ly for  this  purpose. 

Damaged  gauzes 

Sometimes  a  centrifugal  gauze  becomes  torn  or  split.  This  accident  is  recognised  by  the 
presence  of  crystals  in  the  molasses.  Frequent  checks  should  be  made  for  such  trouble:  the 
crystals  are  readily  detected  by  feeling  between  the  fingers.  The  torn  gauze  must  be  repaired 
or  replaced  immediately. 
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Such  escape  of  crystals  may  equally  be  due  to  an  excessive  clearance  (greater  than  0.8  mm) 
between  the  gauze  and  the  top  of  the  basket,  or  to  defects  in  the  basket  or  defects  in  the 
gauze. 

The  firm  of  Krieg  and  Zivy  supplies  "retaining  rings",  or  "anti-leak",  or  an  "anti-leak 
band"  designed  to  remedy  this  fault  and  to  render  the  centrifugal  tight  against  leakage  of 
crystals.  One  is  sometimes  surprised  at  the  decrease  in  purity  of  molasses  which  the  use  of 
such  anti-leak  devices  realises. 


CONTINUOUS  CENTRIFUGALS 

With  batch  machines  there  are  many  disadvantages:  the  complexity  of  the  operations  of  each 
cycle,  as  expressed  in  a  most  impressive  array  of  electrical  equipment  for  automatic 
machines;  the  low  efficiency  in  the  use  of  energy  in  these  machines  with  their  accelerating 
and  braking  phases,  and  the  impossibility  of  devising  an  electric  motor  well  adapted  to  all 
phases  of  the  cycle;  the  dead  times;  and  particularly  the  disadvantages  inherent  in  discon- 
tinuous operation  of  any  process.  All  these  motives  have  long  led  technologists  to  seek  a 
method  of  continuous  operation.  However,  while  such  a  method  appeared  basically  so  much 
simpler  than  one  involving  the  imposing  trappings  of  automatic  centrifugals,  a  long  and 
laborious  task  has  been  involved  to  bring  it  into  practical  use;  and  it  still  leaves  something 
to  be  desired  in  certain  aspects.  Since  1960  it  has,  however,  entered  a  phase  of  rapid  expan- 
sion and  has  been  adopted  by  most  newly  built  factories. 

Continuous  operation  is  obviously  ideal  from  the  mechanical  point  of  view:  the  machine 
runs  at  a  constant  speed  without  stopping,  is  fed  by  a  continuous  stream  of  material,  fur- 
nishes a  constant  output  of  sugar,  and  requires  no  operator  and  only  intermittent  supervi- 
sion. It  is  the  one  method  for  the  future. 

Equipment 

There  are  many  different  continuous  machines.  They  may  be  divided  into  two  principal 
types: 

(1)  Pusher  type,  which  were  soon  abandoned 

(2)  Conical  machines,  which  in  turn  may  be  divided  into: 
Those  with  axis  horizontal  (similarly  abandoned) 

Those  with  axis  vertical. 


Centrifugals  with  axis  vertical.  This  is  the  type  which  has  predominated  and  is  now  the  only 
one  made.  It  is  made  by  Hein  -  Lehmann,  B.M.A.,  Western  States,  Silver,  Fives 
Cail-Babcock  and  Smith  -  Mirrlees  (Figs.  35.13-35.17). 

The  perforated  basket  has  a  cone  angle  of  25  -  34°  and  rotates  at  1,200-  2,600  r.p.m.  Its 
diameter  is  80-  125  cm  (32  -  50  in.).  It  uses  a  perforated  screen  with  openings  varying  from 
0.09  mm  for  B  massecuite  to  0.06  mm  for  C  massecuite;  perforations  may  be  as  low  as  0.04 
mm.  The  output  of  massecuite  is  of  the  order  of: 


CONTINUOUS  CENTRIFUGALS 


795 


4  -  8  t/h  for  C  massecuite  « 
7-13  t/h  for  double  purging  of  C 
7-15  t/h  for  B  massecuite 
20  -  30  t/h  for  A  massecuite 

The  power  required  is  30  -  90  kW. 

The  massecuite,  heated  to  about  50°C  (122°F),  falls  as  a  thread  into  the  middle  of  the 
cone,  the  apex  of  which  is  replaced  by  a  small  plain  bowl  (Hein  -  Lehmann,  Silver)  or  a  per- 
forated bowl  (B.M.A.).  Washing  is  effected  by  a  pipe  running  along  a  generatrix  of  the  cone. 
The  heavy  and  light  molasses  are  recovered  separately.  The  sugar  escapes  over  the  rim  of  the 
cone  (Figs.  35.13  and  35.14). 

The  Western  States  Company  indicates  that,  for  C  massecuite,  a  common  optimal  quantity 
of  wash  water  is  15  -  25  1/m3  (0.10-0.15  gal. /cu.  ft.)  of  massecuite.  In  Mauritius,  an  optimal 
figure  for  B.M.A.  machines  is  given  as  35  1/m3  (0.22  gal. /cu.ft.),  under  2  kg/cm2  (30  p.s.i.) 
pressure.  Conrad  specifies  that  the  wash  should  be  applied  at  the  lowest  point  of  the  basket  and 
should  extend  upwards  for  150 -200  mm  (6-8  in.)  at  most,  this  length  depending  on  the 
viscosity  of  the  massecuite,  and  that  the  spray  should  be  normal  to  the  basket,  the  nozzles 
being  about  50  mm  (2  in.)  from  the  screen.  One  nozzle  may  well  be  sufficient,  with  an  orifice 
of  1 .2  mm;  an  orifice  of  2  mm  is  too  large.  If  the  point  of  application  of  the  wash  is  brought 
further  up  the  cone,  the  purity  of  molasses  will  be  increased.  As  for  purity  of  the  sugar,  a 
figure  of  85-88  should  be  obtained18. 

The  thickness  of  the  layer  of  sugar  is  very  small:  2  —  5  mm.  At  the  discharge,  it  is  hardly 
more  than  the  dimension  of  the  biggest  crystals. 

Feed  of  massecuite  is  controlled  by  an  automatic  regulator  according  to  the  power  absorb- 
ed by  the  motor.  With  B.M.A.  machines,  this  regulator  adjusts  an  iris  diaphragm  placed  in 
the  massecuite  feed  pipe. 

The  Western  States  machines  are  provided  with  a  motor  of  30  kW  (40  h.p.)  and  a  large 
multiple  V-belt  of  rubber. 


Fig.  35.14.  Silver  continuous  centrifugal  for  commercial  sugar. 
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Fig.  35.15.  Continuous  centrifugal  with  large  diameter  casing  FC1000  GC3. 


Grain  breakage 

One  of  the  main  grounds  of  complaint  against  continuous  centrifugals  is  that  they  break  the 
crystals.  This  damage  is  due  to  two  causes: 

(a)  The  crystal  is  eroded  during  its  travel  up  the  cone. 

(b)  It  is  broken  by  the  violent  shock  when  it  is  thrown  out  of  the  cone.  To  avoid  this  latter 


CONTINUOUS  CENTRIFUGALS 


797 


A  Arrived  demasse-cuite 

B  Arrives  d'eau 

C  Plancharde  service 

1/  Vanne  pneumalique  da  reglage de 

debit 

2/  Alimentation  centrale  avec  regard 
3/  Clairqage  coaxial  central 
V  Claircage  coaxial  annulaire 
5/  Richauffagevapeurdemasse- 

cuite 
Si  Boldistnbuteur 
II  Pot  d  acceleration 
8/  Pivotene 
9;  Pamerequipe 
107  Claircage  radial 
11/  Chicane 
12/  Cuvesuspendue 
13/  Tube  da  nettoyage  de  cuve 
1*7  Plaque  debase 
IS/  Tremie  d'evacuation  du  sucr* 
1«V  Sortie  desegouts 
17;  Moteuf 

W  Pupitr»d«eomm*ndt 


A  Massecuite  intake 
B  Water  inlet  pipe 
C  Service  platform 
1/  Pneumatic  flow  regulating  valve 
2/  Central  feed  with  inspection 
opening 

3/  Coaxial  central  washing  system 
4/  Coaxial  ring  type  washing  system 
5/  Massecuite  steam  heating 
6/  Feed  bowl 
7/  Acceleration  pot 
1/  Pivot  system 
9;  Equipped  basket 
10/  Radialwashing  system 
\V  Baffle 

12/  Suspended  chamber 

13/  Casing  cleaning  tube 

14/  Base-plate 

15/  Sugar  discharge  hopper 

11/  Runoff  discharge  pipe 

17;  Motor 

W  Control  deak 


A  AlimentaciGrtdemssBcocida 
B  Entrada  de  agua 
C  Plataformadeservicio 
1/  Valvule  neurotica  de  regulacidn 
daflujo 

2/  Alimentaci6n  central  con  mirilla 

3/  Lavado  coaxial  central 

M  Lavado  coaxial  anular 

5/  Recalentamientoporvapordili 

masa  cocida 
(/  Cubeta  de  distribucifin 
7;  Cubeta  de  aceleraciin 
1/  Pivoteria 
9/  Canasta  equipada 
10/  Lavado  radial 
11;  Tabique 
12/  CSmara  suspendida 
13/  Tubodelimpiezadalacuba 
14/  Placa  debate 
15/  Tolvadedescargadelazucir 
15/  Salidadelamiat 
17;  Motor 

W  Pupftrt  dt  maniobri  y  control 


Fig.  35.16.  Continuous  centrifugal  FCIOOO  GC3. 
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disadvantage,  certain  manufacturers  (B.M.A.,  Western  States,  Silver,  FCB)  provide  machines 
with  an  outer  casing  of  very  large  diameter,  so  that  the  crystals  have  a  long  travel  before  striking 
the  casing,  and  are  slowed  down  by  air  resistance.  These  large-diameter  machines  are  par- 
ticularly offered  for  commercial  A  and  B  sugars  (Fig.  35.14). 

Fives  Cail-Babcock  supply,  mainly  for  B  massecuite,  the  FCIOOO  GC3  (Figs.  35.15  and 
35.16)  the  casing  of  which  is  3  m  (10  ft.)  in  diameter,  and  the  basket  angle  30°.  They  also 
supply  the  FCIOOO  GCV4,  with  a  diameter  of  4  or  even  5  m  (13  - 16.5  ft.),  and  a  basket  angle 


RALEMDSSEMENT  DU  SUCRE 
DANS  L  AIR 

•  sucre  de  jet  B  de  Cannes 

(sucre  d'ouverture  moyenne  :  0,4) 

•  Vitesse  de  rotation  du  panier ; 

1  750tr'mn 

•  Vitesse  d  ejection  du  sucre  :  84  m/a 

SLOWING  OF  SUGAR  IN  AIR 

•  B  strike  cane  sugar 
(mean  aperture;  0.4| 

•  Basket  rotating  speed:  1,760  rpm 

•  Sugar  ejection  speed:  84  m/s 

DISMINUCION  DE  LA  VELOCIDAD  DEL 
AZUCAR  EN  EL  AIRE 

•  Azucar  de  templa  6  de  eana 
(aziicar  de  abertura  media  :  0,4). 

•  Velocidad  de  rotaci6n  de  la  canasta  : 
1750  r.p.m. 

•  Velocidad  de  avecctfn  del  smear  • 
84  m  por  segundo 


0,4  B.*    0.107  M  1  U  1.4 

Trijactoire  du  lucre  -  Pttfi  of  sugar  -  Traycctorca  M  uuctr  (m) 
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1/Panieriquipt 
lavecieparation 
d'4gout»| 

V  Cuve  sus panda* 

V  Capotage  du  module 
4  V  Receptadea  sucre 
SI  Couvwtl*  4*  WW  at 

da  receptacle 
tl  Aspiration  dat  Mat 
7/  Moteur 
l/Capotage  moteur 


o(-  let 


Urt  example  rj'essoreuse  continue  avac  cuve 
de  grand  diematre  :  FC  1000-SE-CCV  avac 
cuve  de  4  m  de  diameue. 

An  example  of  a  continuous  centrifugal  with 
a  large  diameter  casing:  FC  JOOO-SE-GCV 
with  4-m  diameter  casing. 

Un  ejemplo  de  centf  if  uga  continua  con  cub* 
de  aran  diimevo  ;  FC  TQOQ-S€-GCV,  con 
Cuba  de  4  metrotde  diametro. 


MEquipped  basket 

Iwith  runoff 

separation) 
Jl  Sui  panded  catmq 
3/ Module  cover 
4/  Sugar  receptacle 
5*  Zwv  caitnp  and 

racaptacla 
Si  Vapour  ekhtutt 
7/ Motor 
•Y  Motor  cover 


1/  Canasta  equipada 
(consaparaeiflnda 
mialat) 

21  Cuba  iwpandida 

3/  Cubierta  del  modulo 

V  Raceptaculo  da<  azucar 

5<T»j>»i»cvibe>) 
da  recapttculo 

tl  Atpiracidn  it  vthet 

7/ Motor 

SJ'Cubierta  del  motor 


Fig.  35.17.  Continuous  centrifugal  FCIOOO  GCV.  Slowing  action  of  air  on  crystals  as  a  function  of  their  size  and 

the  length  of  their  path. 
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of  25°,  which  can  treat  A  massecuite  and  furnish  a  commercial  sugar  with  a  minimum 
breakage  of  crystal  (Fig.  35.17).  Figure  35.17  shows  graphs  relating  the  speed  of  impact  of 
the  crystals  to  the  distance  travelled  before  striking  the  casing,  as  a  function  of  their  dimen- 
sions. 

It  has  been  proposed  in  Reunion  to  provide  the  upper  edge  of  the  casing  of  the  GCV  cen- 
trifugal (and  continuous  machines  in  general)  with  a  curved  surface  designed  to  deaden  the 
shock,  soften  the  violent  impact  of  the  crystals,  and  make  them  gradually  change  direction 
(Fig.  35.18).  This  system,  tried  in  Europe,  has  not  given  the  expected  results,  but  it  seems 
that  it  can  be  perfected.  The  idea  could  be  applied  in  the  form  of  a  bladder  which,  part- 
inflated,  would  be  of  similar  shape  and  which  would  be  inflated  automatically  at  intervals 
of  a  few  minutes,  and  would  then  assume  a  convex  shape  and  dislodge  the  layers  of  crystals 
which  tend  to  form  at  that  location  and  constitute  a  nuisance  with  centrifugal  casings.  This 
has  not  yet  been  tried  out,  but  it  seems  that  it  might  prove  satisfactory. 

The  speed  of  impact  which  is  liable  to  break  the  crystals  is  of  the  order  of  9-18  m/s 
(30-60  ft./s).  It  is  often  with  the  object  of  keeping  below  this  limiting  speed  that  small 
machines  of  0.6  m  (24  in.)  diameter  are  used. 

Specific  work 

Repeating  in  another  form  the  calculation  leading  to  eqn.  (35.17):  the  centrifugal  force  per 
unit  mass  of  material  or,  which  amounts  to  the  same  thing,  the  centrifugal  force  relative  to 
gravity,  has  the  value  (eqn.  (35.4)): 


The  work  necessary  (per  unit  mass)  to  obtain  this  separating  force  G  is  equal  to  the  kinetic 
energy  per  unit  mass: 


G  = 


mv2/r 
mg 


2v2 


Dg 


(35.46) 


Fig.  35.18.  Damping  device  proposed  as  shock  absorber  for  crystals. 
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T  =  \mv2  (35.47) 

It  follows  that  the  work  expended  per  unit  separating  force,  that  is,  per  unit  of  gravity, 
has  the  value: 

T       \tnv2       m  g 

-  =    =  — -  D  (35.48) 

G      2v2/Dg  4 

It  is  thus  proportional  to  D.  It  follows  that  both  from  the  point  of  view  of  specific  work 
and  from  that  of  avoiding  crystal  damage,  it  is  of  advantage  to  use  small  diameters. 


Capacity 

The  capacity  of  a  continuous  centrifugal  is  measured  by  the  quantity  of  massecuite  which 
can  be  passed  through  the  machine  per  hour.  This  quantity  depends  on  the  separating  capaci- 
ty of  the  machine.  Now,  if  we  consider  an  element  of  mass  which  we  shall  take  as  unity,  dm 
=  1,  the  separating  capacity  or  drying  capacity  will  be  proportional  to  the  product  of  the 
centrifugal  force  developed  on  the  unit  mass,  by  the  area  offered  to  the  total  mass  of 
material.  We  have  then  (Fig.  35.19): 

(a)  Component  of  centrifugal  force  perpendicular  to  the  screen: 

/  -  dm  co2  x  cos  a  -  1  X  co2  x  cos  a 

(b)  Area  offered  =  ds;  thus:' 

Capacity  =  dq  =  kf  As  -  k  a>2  cos  a  x  ds 

Considering  the  annulus  of  massecuite  of  radius  x  and  height  dh,  situated  at  the  level  M, 
the  centrifugal  force  is  the  same  for  all  elements  dm  of  this  annulus.  We  shall  obtain  the  total 
capacity  Q  by  integrating  the  capacities  dq  along  the  cone,  from  r  to  R.  We  have: 

dq  =  k  co2  cos  a  x  ds 
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—  2x¥  0/  -  2tt-v  —        =  2  ttx 

cos  Q!  cos  a  tan  a 


Hence: 


d  r  7  irke.A 

dg  =  k  u>2  cos  a  x  •  ztpt  =   x1  ax 

cos  a  tan  a      tan  a 

Integrating: 

Q  -     f  x*  dx  =  f  jf2   -  { 1-  -  -  ) 

J  ,,  tan  a  tan  a    .>  r  tan  a     \  3 "      3"  / 

Q  =  2*«3^--  (35.49) 

3  tan  a 

It  will  be  seen  that  the  fraction  occurring  in  this  expression  represents  the  volume  Vof  the 
portion  of  the  cone  forming  the  centrifugal.  We  may  thus  write: 

Q  =  2Jt»2  V  (35.50) 

2  -  capacity  of  the  centrifugal,  in  tonnes  of  massecuite  per  hour 

k   -  numerical  coefficient 

to  =  rotational  speed  of  the  machine 

V  -  volume  of  the  frustrum  of  the  cone  forming  the  centrifugal 
a   -  apical  angle  of  this  cone 

R  =  radius  of  the  upper  circle  of  discharge  of  the  sugar 

r   —  radius  of  the  small  lower  basin  receiving  the  massecuite. 

The  capacity  of  a  continuous  centrifugal  is  thus  proportional  to  its  volume,  to  the  square 
of  its  angular  velocity,  and  to  a  coefficient  which  depends  on  the  massecuite  being  handled 
(A,  B  or  C),  on  its  consistency  and  its  temperature,,  and  on  the  percentage  of  openings  in 
the  perforated  screen. 

Hourly  capacity 

Eastaughffei9  considers  that: 
(a)  Capacity  is  proportional  to: 

X 

q  --  .  — 
M  \> 


(b)  Effective  area  drainage  A: 
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(c)  Effective  force  F: 

y/D2  +  d2 
F  =  n2  {n  in  r.p.m.) 


(d)  Transit  time  /  is  proportional  to: 


V  sin  a 


Hence  capacity  in  tonnes  per  hour: 


Q  =  — '  =  k 


V      "2  2 
v  sin  a  M  v  (i 


(35  51) 


k    =  coefficient 

R  —  r 

I  =  length  along  slope  of  cone  =  - — — 
D  =  2R  sm  a 

d  =  2r 

M  =  molasses  removed  %  massecuite 
pi    =  viscosity  of  molasses,  in  poise. 


Capacity  in  massecuite  and  capacity  in  sugar 

Delden20  has  very  aptly  remarked  that  the  capacity  of  centrifugals  in  general,  and  of  con- 
tinuous centrifugals  in  particular,  when  reckoned  in  weight  of  sugar  per  hour,  depends  on 
the  crystal  content  of  massecuite.  The  factor  limiting  the  capacity  of  the  machine  is  the  quan- 
tity of  massecuite  fed  to  it,  much  more  than  the  output  of  sugar  which  it  gives.  Now,  the 
proportion  of  crystal  has  the  value  (eqn.  (33.46)): 

P     P    -  P 
-100    P  -  P  m 

s  e 

The  essential  factor  here  is  the  purity  drop  {Pm  -  P).  If,  for  the  same  sugar  and  the 
same  brix  of  massecuite,  we  have  different  purity  drops,  the  capacity  of  the  centrifugal  in 
terms  of  sugar  will  vary  as  a  result. 


Example.  For 


and  comparing  the  2  cases 


\|DP  =  35 


TABLE  35,14 

DIMENSIONS  AND  CAPACITIES  OF  CONTINUOUS  CENTRIFUGALS 


Make  and  Model 


Angle 
(deg.) 


Basket 


Top  diam.  Screen  area 


(mm)    (in.)       (m2)  (sq.ft.) 


Speed 
(r.p.m.) 


Casing  diam, 
(m)  (ft/in.) 


Power  Gauze 
(kW)  openings 
(mi- 
crons) 


Capacity       Optimal     Steam  for  purging 

(t/h)  wash  

(%  m.c.)       (bar)  (p.s.i.) 


FCB  FC1000  BP  (for  34 
C  massecuite  low 
grade) 

FCB  FCIOOO  AF  (for  30 
C  massecuite  and 
affined  C) 

FCB  FC  1000  SE  (for  25 
A  massecuite  and 
affined  B) 

FCB  FC  1250  (for  34 
C  massecuite  in 
large  factories) 


981       39         1.098      11.8       1,930     1.75    5  ft.  9  in.  45 


901  0.989      10.6        1,930*     1.75    5  ft.  9  in.  55 

1,750  45 
1,500 


B.M.A.  K850S 


B.M.A.  KU00 


911      36         1.203       13  1,750*    1.75     5  ft.  9  in. 

1,500 
1,200 


1,237      48         1.832      19.7       1,880    2.15    7  ft.  0  in.  90 

(1,600 


30-34       850       33j       0.8         8.6       1,650-   1.75    5  ft.  9  in.  30-37 

at  1,450 
r.p.m. 


affining) 

1,650- 
2,400 


30-35     1,100  43 


60 


55 
45 

(ord.  c.)  130 


60 
or 
90 


4.5-  8  2.5 


0.4-0.7  6-10 


90        10    -13      2.5-5.0     0.4-0.8  6-11 
or 
130 


90        18   -30      3    -5       0.2-0.6    3-  9 

or 


9  (to  20 
in 

affining) 


60  4-6  (C) 
or  7- 10(B) 
90 


1.45      15.6      1,400-   1.90   6  ft.  3  in.       55-75  60  10-11 

2,000  (induction)  or 

90 


B.M.A.  K1500 


30 


1,500       60         2.32      25         1,700      2.40    8  ft.  0  in. 


Western  States  CC5  30 


940  37 


1.07       11.5       2,480      1.66    5  ft.  6  in. 


90 


37 


60  24  -  30  (A) 
or  10- 15(C) 
90 

2175     4-  8 


♦Depending  on  massecuite  purity. 

The  FCIOOO  AF  centrifugal  is  generally  supplied  as  GC3,  i.e.  with  casing  3  m  in  diameter,  to  avoid  grain  breakage  as  far  as  possible.  It  can  also  be  supplied  with  remelt 
incorporated. 

The  FCIOOO  SB  ear?  afecr  Be"  sm-ppifed1  as  GC3  or'GCV  w*itfh  4-  or  5-m  casting  to  reduce  grainubreakage;  also  aspiration  of  steam. 
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We  have: 


(1)  x  = 

(2)  jc  = 


96 

56  - 

35 

100 

96  - 

35 

96 

56  - 

30 

100 

96  - 

30 

•  98  =  32.4% 

•  9S  =  37.1% 


or  15%  more  in  the  second  case. 

It  is  thus  necessary  to  specify  either  the  purity  drop  or  the  crystal  content,  when  stating 
a  capacity  in  weight  of  sugar  per  hour. 

Equipment  available.  Dimensions  and  capacities  of  continuous  machines  offered  by  Fives 
Cail  -  Babcock.  B.M.A  and  Western  States  are  listed  in  Table  35.14. 

Installation  and  accessory  equipment 

Below  the  centrifugals,  the  discharge  chute  receiving  the  sugar  is  generally  formed  simply  of 
two  sheets  of  metal  embracing  the  discharge  opening  of  the  centrifugals  and  sloping  to  the 
sugar  conveyor.  The  angle  of  this  chute  with  the  horizontal  should  be  at  least  60°,  and  this 
applies  for  both  batch  and  continuous  machines. 


Fig.  35.20.  Battery  ofFOOOO  continuous  centrifugal.1-  (Fives  Cail  -  Babcock) 
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The  discharge  opening  should  be  at  least  400  mm  (16  in.)  for  1.015  -  1.065-mm 
(40  -  42-in.)  centrifugals,  and  at  least  600  mm  (24  in.)  for  those  of  1,220-  1,370  mm  (48  -  54 
in.). 

The  screens  or  gauzes  for  continuous  centrifugals  are  of  chrome  nickel  sheets  with  perfora- 
tions (in  mm): 

0.06  X  1.66,  sheet  thickness  0.23-0.25 
0.06  x  2.2  ,  sheet  thickness  0.28-0.30 
0.09  x  2.3  ,  sheet  thickness  0.24 

For  brass  gauzes,  brass  of  70%  copper,  30%  zinc  is  employed,  0.7  mm  in  thickness.  In 
Arcap  stainless  steel,  the  thickness  is  0.5  mm.  European  suppliers  of  these  gauzes  are  Krieg 
and  Zivy  in  France  (Ref.  N591),  and  Fontaine  at  Aachen  in  Germany. 

Exhaustion 

The  second  complaint  reported  regarding  continuous  centrifugals,  and  probably  the  more 
disturbing,  is  that  the  purity  of  the  molasses  obtained  is  generally  higher  than  that  of  the 
molasses  obtained  by  ordinary  centrifugals  working  with  the  same  massecuite*. 

This  fact  has  often  been  verified.  It  arises  mainly  from  the  fact  that  it  is  scarcely  possible 
to  use  continuous  centrifugals  on  C  massecuite  without  a  slight  water  wash.  The  thickness 
of  the  layer  of  sugar  being  very  small,  there  is  unavoidably  a  slight  dissolution  of  sugar.  It 
is  thus  essential  to  regulate  the  quantity  of  wash  water  with  the  greatest  care. 

However,  this  difference  in  purity  may  be  kept  below  1  point;  sometimes  it  does  not  exceed 
•j  point.  It  should  thus  be  kept  in  balance  with  the  economies  in  labour,  maintenance  and 
power  offered  by  the  continuous  centrifugal. 

It  has  been  shown21  that  breakage  of  grain  in  continuous  centrifugals  contributes  to  in- 
creased purity  of  molasses  due  to  fine  broken  crystals  passing  to  a  great  extent  through  the 
gauze.  For  example,  the  dimension  of  the  crystals  in  the  massecuite  was  shown  to  be  128 
microns,  and  the  sugar  average  107  microns.  On  the  other  hand,  the  perforations  of  the  gauze 
become  worn  rapidly,  and  can  increase  in  100  days'  operation  from  60  microns  to  160.  It 
is  necessary  to  change  the  screen  when  this  increase  is  detected:  a  gain  of  more  than  2  points 
in  purity  may  thus  be  realised. 

Washing  may  be  effected  in  two  ways,  with  continuous  machines: 

(a)  Sometimes  (as  with  Hein-  Lehmann)  by  a  co-axial  arrangement,  by  introducing  the 
water  in  the  axis  of  the  column  of  massecuite  flowing  into  the  centrifugal. 

(b)  By  radial  washing,  by  a  spray  pipe  placed  parallel  to  a  generatrix  of  the  cone.  The 
radial  washing  may  be  adjusted  and  even  reduced  to  zero,  but  this  is  difficult  with  co-axial 
addition  of  wash  water. 

The  temperature  of  the  wash  water  should  be  of  the  order  of  80-90°C  (175-  195°F). 


*  However,  F.  M.  Chapman  in  personal  discussion  has  expressed  the  opinion  that  continuous  machines  can  handle 
heavier  massecuite  and  so  could  be  operated  to  give  better  exhaustion  than  batch  machines.  Obviously  further  in- 
vestigation is  desirable.  G.H.J. 
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Fig.  35.21    Baltcry  of  K  850  S  continuous  centrifugals  (B.M.A.) 

With  C  massecuite.  the  total  wash  should  be  about  2-3%  on  the  weight  of  massecuite. 
The  optimal  co-axial  washing  is  1.5%;  the  radial  washing  may  supply  5  of  the  total  wash. 

With  B  masseeuite,  the  wash  water  may  be  between  2.5  and  6%  on  weight  of  massecuite. 

The  most  frequent  cause  of  poor  exhaustion  in  a  continuous  centrifugal  is  reduction  of  in- 
put rate  of  massecuite  while  the  wash  water  is  left  constant,  ll  is  preferable  to  avoid  such 
changes  in  rate  or,  better,  to  eliminate  the  trouble  by  adjusting  the  water  to  suit  the 
massecuite. 

Conclusion 

Continuous  centrifugals  are  probably  destined  to  become  universal.  At  present  (1982),  they 
have  taken  over  the  B  and  C  centrifugal  stations.  They  are  only  beginning  to  be  tried  with 
A  massecuite,  where  they  encounter  strong  reservations  on  account  of  crystal  quality.  There 
is  every  reason  to  suppose  that  the  progress  attending  the  first  installations  will  permit  them 
to  resolve  the  problems  which  are  encountered  at  present.  We  know  of  two  factories  already 
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where  the  full  manufacture  is  on  a  continuous  basis,  in  pans  and  centrifugals,  for  the  three 
massecuites. 

ACCESSORY  PROCESSES  AND  EQUIPMENT 

Dilution  of  massecuite 

The  density  of  the  massecuite  and  the  viscosity  of  the  molasses  often  cause  difficulties  in  the 
handling  and  fugalling  of  the  massecuites.  The  simplest  means  of  remedying  this  is  to  dilute 
the  massecuite.  This  is  generally  carried  out  in  the  discharge  chute  from  the  crystallisers,  as 
this  assures  a  more  even  distribution  of  the  water.  If  the  water  is  added  in  the  crystalliser, 
it  is  difficult  to  obtain  an  even  dilution,  and  sugar  is  unavoidably  dissolved.  In  any  case  this 
is  an  unsatisfactory  expedient. 

Quantity  of  water  to  add.  It  is  not  necessary  to  introduce  more  than  1  or  2%  of  water  by 
weight  of  massecuite,  or  1  -3%  by  volume,  otherwise  there  is  a  risk  of  reducing  the  super- 
saturation  to  1  or  less. 

Reheating  of  massecuite 

It  is  very  difficult  to  dilute  a  massecuite  without  causing  a  certain  re-solution  of  crystals.  For- 
tunately, there  exists  another  means  of  decreasing  viscosity  and  facilitating  the  fugalling;  this 
is  reheating. 

In  Hawaii22  it  is  considered  that  the  viscosity  of  the  massecuite  falls  by  50%  (or,  better, 
that  its  "fugalability"  rises  by  50%)  when  the  temperature  is  increased  by  5°C  (9°F). 

The  reheating  is  then  carried  out,  either  in  the  last  discs  of  the  crystalliser,  where  a 
Werkspoor  is  installed,  or  in  the  mixer  -  distributor  supplying  the  centrifugals;  in  the  latter 
case  it  may  be  effected  by  means  of  a  double  bottom,  or  by  means  of  a  coil,  or  again  by 
electrical-resistance  heating  between  the  distributor  and  the  centrifugal. 

The  area  of  coil  required  is  30  -  35  m2/m3  (9-11  sq.ft./cu.ft.)of  massecuite  to  be  fugalled 
per  hour. 

These  areas  are  calculated  on  the  assumption  that  the  water  used  for  reheating  and  cir- 
culated in  the  coil  or  the  heat-exchanger  is  at  a  temperature  which  is  not  more  than  3°C  (5°F) 
above  the  saturation  temperature  of  the  massecuite,  that  is,  the  temperature  above  which 
crystals  commence  to  dissolve  (cf.  Table  33.1). 

Some  manufacturers  base  their  designs  on  larger  temperature  differences,  and  consequent- 
ly supply  heating  coils  in  the  mixer-distributor  of  much  smaller  area,  of  the  order  of  3  m2/m3 
(1  sq.ft./cu.ft.)  of  massecuite  to  be  fugalled  per  hour.  However,  it  must  not  be  forgotten  that 
the  low-grade  fugal  cycle  in  Hawaii  is  of  the  order  of  1  hour;  if  the  heating  surface  is  express- 
ed in  terms  of  area  per  machine  of  1,015  X  760  mm  (40  X  30  in.),  for  example,  instead  of 
being  related  to  volume  of  massecuite,  the  differences  given  above  will  be  much  less. 

In  any  case,  it  is  recommended  that  the  temperature  of  the  water  used  should  not  exceed 
the  limit  indicated  (3°C  above  the  saturation  temperature). 

For  massecuite  heaters  with  coils,  a  heat-transfer  coefficient  of  30  — 70  kcal/m2/°C/h 
(6-14  B.T.U./sq.ft./°F/h)  is  taken,  according  to  the  design  and  conditions  of  use23. 

Electrical-resistance  heaters 

Massecuite  heating  by  electrical  resistance  has  been  developed  in  Queensland.  It  offers 
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several  advantages: 

(a)  Simplicity 

(b)  Easier  and  more  effective  temperature  control 

(c)  Shorter  time  at  temperature,  hence  less  danger  of  re-solution 
{d)  Excellent  adaptation  to  continuous  centrifugals. 

The  resistance  heater  (Fig.  35.22)  consists  of  two  concentric  pipes;  the  massecuite  is  passed 
through  the  annular  space  between  them.  These  two  pipes  form  two  electrodes  between  which 
a  potential  difference  is  applied.  The  massecuite  flows  by  gravity  from  a  mixer  above  to  a 
distributor  running  along  the  battery  (in  the  case  of  batch  centrifugals)  or  directly  to  the  cen- 
trifugals in  the  case  of  continuous  machines  (see  Fig.  35.22).  The  latter  arrangement  is  par- 
ticularly favourable  on  account  of  the  regular  and  continuous  flow  and  the  complete  elimina- 
tion of  delay  between  reheating  and  fugalling. 


Electric 
heater 


Continuous 
centrifugal 


5 


777  /  77  7  7  / '/  7  7  /  7  /  T  7  T 7  7  77  /  >  /  /  /  /  ?  7 

///////////////  ////////////// 

Fig.  35.22.  Installation  of  electrical  resistance  heater  with  continuous  centrifugal. 

Head  loss.  The  loss  of  head  in  the  reheater  is  given  by  our  formula  (33.18),  in  which  we 
give: 

(a)  The  head  loss  /'  not  in  tb. /sq.ft.  but  in  ft,; 

1  ft.  of ' massecuite  =  94  lb. /sq.ft. 


(b)  The  flow  of  massecuite  Q  not  in  cu.ft./s  but  in  cu. ft. /hour: 

1  cu.ft./s  =  3,600  cu. ft. /hour 


(c)  The  exterior  diameter  A  and  the  interior  diameter  Fofthe  annulus,  which  we  shall  call 
here  D  and  d,  now  expressed  in  cm  and  inches. 
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We  thus  have  (cf.  eqn.  (33.19)): 

 10*  m 

J  =  L  =      10 S t        {D2  -  d2)  {D  -  d)2    ~1500  x  37600000 
/  .      J      128x0.75  fiQ  20,736  \ 

y  =  „  =   X   _  x   ft/tt  I 

V      L  gTr  (D2  -  d2)(D  -  d)2     94  x  3,600  / 


or: 


Q-OftSZS-^          v         (•             0.058  \ 
r  =  m/m      '  /  =  ft/ft  > 

7    (£>2'-  d2y(rr~  dy         v     {d2  -  d2)  (d  -  d)2  ' 

To  take  into  account  the  method  of  determination  of  viscosity,  the  film  effect,  the 
resistance  of  the  protective  grilles  which  are  interposed  at  the  entry  above  and  at  the  delivery 
below  the  heater,  as  well  as  the  approximations  involved,  particularly  the  replacement  of  the 
logarithmic  mean  of  the  viscosity  fi  by  its  geometric  mean  (see  below),  Wright  and  Walkers 
Ltd.  reckon: 

j   0.025^  (j  =   0.25   \  (35.52) 

(D2  -  d2)  (D  ~  df        \       (D2  -  d2)  (D  ~  d)2  J 

j    ~  loss  of  head  in  the  heater,  in  m/m  (ft.  per  ft.)  of  length 
fi  —  viscosity,  in  poises  (f.p.s.  units) 

Q  -  flow  of  massecuite  through  the  heater,  in  litres/h  (cu.ft./h) 
D  =  exterior  diameter  of  the  annular  passage,  in  cm  (in.) 
d  -  interior  diameter  of  the  annular  passage,  in  cm  (in.) 
Common  dimensions  are  D  =  38  cm  (15  in.),  d  —  20  or  23  cm  (8  or  9  in.)- 
Since  it  is  obviously  necessary  to  maintain  flow  through  the  heater,  it  is  obvious  that  j  must 
be  less  than  1 .  The  best  procedure  is  to  allow  a  margin  of  safety  for  variations  in  the  flow 
required,  for  example,  20%,  and  to  take  consequently  Q'  =  1.2  Q,  thus  making  /  =  1.  The 
regulating  valve  below  the  heater  will  thus  normally  not  be  fully  open. 

The  viscosity  of  cold  massecuite  may  vary  between  350  and  2,000  f.p.s.  units  (5,000- 
30,000  poise).  A  typical  order  of  magnitude  is  10,000  poise  (700  f.p.s.  units).  The  heater  will 
reduce  it  to  between  2,000  and  4,000  poise.  We  may  take  for  the  mean  viscosity  the  geometric 
mean  between  the  viscosity  at  entry  and  that  at  exit  from  the  heater.  For  example,  if  the 
massecuite  is  at  12,000  poise  (800  f.p.s.)  when  cold  and  3,000  poise  (200  f.p.s.)  at  the 
temperature  required  for  fugalling,  we  may  take: 


H  =  V127KX)  X  3,000  =  6,000  poises    {fi  =  V  800  x  200  =  400  f.p.s.  units) 


The  Wright  and  Walkers  formula  gives,  for  the  valid  reasons  given  above,  higher  figures  than 
ours. 
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Power  consumption.  Assuming  the  reheating  100%  efficient,  we  have: 

P  =  ^JL^JIsJAJL         /     =  G_x_94  (t  -  to)  c\ 
860  \  374  1  3  / 


P  =  power  consumption  required  for  heating,  in  kW 

Q  =  massecuite  flow,  in  litres/h  (cu.ft./h) 

c   =  specific  heat  of  massecuite  =  0.40-0.44 

to  =  initial  temperature  of  massecuite,  in  °C  (°F) 

t    =  temperature  of  massecuite  after  heating,  in  °C  (°F) 

with: 

1  kWh  =  860kcal  =  3,413  B.T.U. 

Density  of  massecuite  =  1.5  kg/litre  (94  lb./cu.ft.) 


Or: 


P  =  0.00079  Q(t  -  to)         (P  =  0.012  Q  (t  -  t0))  (35.54) 

For  example,  to  reheat  100  cu.ft./h  of  massecuite  from  100  to  120°F,  the  power  consump- 
tion would  be: 

P  =  0.012  x  100  x  20  =  24  kW  (32  h.p.) 
Length.  Wright24  gives  the  equation  (35.55): 

L  =  3.68  x  106  -J-—  log  -      I  L  =  4.75  X  106   P  log  -\  (35.55) 

L       =  length  of  active  portion  of  heater,  in  m  (ft.) 

P       =  power  requirement  for  reheating,  in  kW,  given  by  eqn.  (35.54) 

k        =  specific  conductance  (logarithmic  mean)  of  the  massecuite,  in  micromhos/cm  (in.) 

V       =  voltage  applied,  in  V 

cos  4>  =  power  factor  of  the  supply. 

We  may  take  approximately  k  =  6.5  (T  -  30),  where  T  -  mean  temperature  (°C)  of  the 
massecuite  between  entry  and  exit. 

The  overall  length  generally  adopted  is  168  cm  (5  ft.  6  in.).  The  best  method  of  regulating 
the  temperature  reheating  is  by  means  of  a  silicon  rectifier. 
Equation  (32.56)  may  also  supply  the  value  of  P  for  a  given  heater. 

Conductivity.  Massecuites  normally  have  a  conductivity  of  50  -  250  micromhos/cm  at  the 
temperature  of  fugalling,  this  conductivity  increasing  rapidly  as  a  function  of  temperature. 
Reheating  is  generally  effected  by  a  continuous  cylindrical  electrode  on  the  inner  face  of  the 
annulus  and  a  succession  of  metal  rings  on  the  outer  circumference  distributed  over  the 
height  of  the  heater,  which  are  switched  on  and  off  by  the  temperature  control  in  order  to 
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achieve  the  set  temperature.  The  change  of  conductivity  with  temperature  means  that  the  cur- 
rent supplied  by  the  last  ring  is  appreciably  greater  than  that  supplied  by  the  first. 

The  mean  conductivity  of  the  massecuite  between  the  cold  entry  and  the  hot  exit  is  fairly 
uniform  and  of  the  order  of  100  micromhos/cm.  Heaters  may  be  equipped  with  ASEA 
thyristor  controls,  housed  in  a  suitable  cabinet,  which  regulate  the  current  and  consequently 
the  temperature. 

Improvement  by  reheating 

Reheating  massecuite  substantially  improves  exhaustion.  At  Central  Jaronu25,  in  Cuba, 
which  at  one  time  was  the  biggest  sugar  factory  in  the  world,  the  installation  of  reheating 
led  to  the  following  results: 

Reduction  in  number  of  fugals  from  30  to  20 

Increase  of  C  sugar  purity  from  84.73  to  89.43 

Reduction  of  molasses  purity  from  32.62  to  31.32 

Reduction  of  fugalling  cycle  from  16.5  to  10  min 
The  massecuite  was  heated  to  59°C  (138°F). 

At  Raceland26,  in  Louisiana,  the  fugalling  temperatures  of  massecuites  as  quoted  by  Honig 
were: 

Cooling  to  38-40°C  (100-  104°F)  (mother  liquor  supersaturated) 
Reheating  to  52-55°C  (126-  131°F)  (mother  liquor  saturated) 
Fugalling  at  that  temperature 

Washing  with  hot  water  at  60-65°C  (140-  149°F),  under  2  kg/cm2  (30  p.s.L),  by  fine 
spray 

Quantity  of  wash  water  =  3  1  per  1,015-mm  machine  (0.66  gal.  per  40-in.  machine). 
In  Hawaii,  a  temperature  of  49°C  (120°F)  is  not  exceeded. 

The  optimal  limit  of  reheating  is  approximately  50  — 52°C  (122-  125°F)  in  a  mixer  or 
mixer-distributor;  with  electrical-resistance  heaters,  since  the  massecuite  remains  a  very  short 
time  at  high  temperature,  this  can  easily  be  taken  as  high  as  57°C  (135°F). 

If  we  consider  supersaturation  rather  than  purity,  and  trace  the  graph  of  viscosity  as  a 
function  of  temperature,  it  is  found  that  it  passes  through  a  minimum  between  48  and  55°C 
(119-  131°F)28. 

Brix  of  molasses 

Pagnier29,  in  Java,  estimated  that  the  optimal  concentration  for  fugalling  corresponded  to 
a  molasses  of  85°  refractometric  brix.  In  Java30,  however,  at  the  beginning  of  the  Second 
World  War,  the  average  molasses  attained  a  densimetric  brix  of  95°  (dilution  1  +  9). 

Mixer-distributor  for  massecuite 

The  small  mixer-distributor  for  massecuite  placed  above  the  centrifugals,  which  forms  part 
of  the  battery,  should  have  a  working  volume  corresponding  to  the  volume  of  massecuite 
treated  in  15  or  30  min. 
The  agitator  should  be  rotated  at  a  speed  n  given  by: 


(35.56) 
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n    -  rotational  speed  of  the  agitator,  in  r.p.m. 

D  =  width  of  the  trough  of  the  mixer-distributor,  in  m  (ft.)  (or  diameter  of  the  helical  or 
paddle  agitator). 

Screw  conveyors  for  massecuite 

The  massecuite  is  generally  conveyed  by  a  screw  conveyor  in  a  horizontal  trough.  A  full  screw 
may  be  used,  but  more  often  the  screw  consists  of  a  simple  metal  ribbon  held  in  place  by 
steel  strips. 

The  pitch  p  of  the  helix  is  of  the  order  of p  =  0.7  D,  D  being  the  diameter  of  the  cylinder 
enclosing  the  outer  edge  of  the  helical  ribbon.  The  speed  n  of  the  rotation  of  screw  is  general- 
ly from  20  to  40  r.p.m.,  or,  better: 


n   ~  rotational  speed  of  the  screw,  in  r.p.m. 
D  =  diameter  of  the  screw,  in  m  (ft.). 

However,  Tromp31  recommends  a  speed  of  7-8  r.p.m.,  above  which  he  considers  that 
there  will  be  too  much  back-flow  of  a  large  proportion  of  the  massecuite. 

Output.  The  output  of  a  screw  conveyor  is  given  by  the  formula: 


V  =  volume  of  massecuite  transported,  in  mVh  (cu.ft./h) 

D  =  exterior  diameter  of  the  helix,  in  m  (ft.) 

p    =  pitch  of  the  helix,  in  m  (ft.) 

n    =  rotational  speed  of  the  helix,  in  r.p.m. 

k    =  coefficient  taking  into  account  the  extent  to  which  the  trough  is  filled  (which  should 
not  be  above  the  shaft)  and  the  rate  of  movement  of  the  material,  which  does  not  ad- 
vance a  distance  p  when  the  screw  makes  one  revolution. 
In  general: 

D  is  of  the  order  of  0.3-0.6  m  (1  -2  ft.) 

p  is  of  the  order  of  0.7  D 

n  is  of  the  order  of  15 -40  r.p.m'. 

We  may  assume  for  k: 
0.15 — 0.20  for  ribbon  screws,  or  a  mean  value  of  0.18 
0.25-0.30  for  a  full  screw. 

Power.  For  the  power  required  for  driving  the  screw  conveyor,  we  may  estimate  approx- 
imately: 


D 


15 


(35.57) 


V  =  60       pnk  =  AlpnkD2 


4 


(35.58) 


P  =  1.15  D2L  (P  =  0.043  D2L) 


(35.59) 
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P  =  power  absorbed  by  the  conveyor,  in  kW  (h.p.) 
D  =  exterior  diameter  of  the  helix,  in  m  (ft.) 
L  =  length  of  the  helix,  in  m  (ft.). 

We  must  remember  to  take  into  account  also  the  efficiency  of  the  speed  reducer  or  the 
system  of  drive. 

Sugar  conveyors 

There  are  two  principal  types  of  sugar  conveyors: 

(a)  The  screw  conveyor 

(b)  The  shaker  conveyor,  sometimes  designated  under  the  name  of  "grasshopper". 

Wc  shall  consider  the  method  of  designing  these,  and  shall  adopt,  especially  in  the  second 
case,  Tromp's  mode  of  calculation31. 

(a)  Screw  conveyor.  This  conveyor  is  calculated  exactly  as  for  massecuite  (cf.  p.  812).  The 
output  is  given  by: 

Q  =  60  —  pnkd  =  47  pnkdD*  (35.60) 

4 

Q  =  weight  of  sugar  transported,  in  kg/h  (Ib./h) 
D  =  exterior  diameter  of  the  screw,  in  m  (ft.) 
p    =  pitch  of  the  screw,  in  m  (ft.) 
n  =  rotational  speed  of  the  screw,  in  r.p.m. 

k  -  coefficient  taking  into  account  the  degree  of  filling  of  the  screw  and  of  backward  flow 
of  the  sugar 

d  =  apparent  density  of  the  sugar,  in  kg/m3  (lb./cu.ft.). 

In  general: 
p  is  of  the  order  of  0.7  D 

n  ranges  from  15  to  25  r.p.m.  (or  10/£>,  D  being  expressed  in  m) 
Granges  from  800  to  950  kg/m3  (50-60  lb./cu.ft.). 

We  may  take  for  k: 
0.10-0.12  for  ribbon  screws  (Tromp  gives  0.20) 
0.15-0.20  for  a  full  screw. 

The  power  consumption  is  approximately: 

P  =  0.8  D2L         (P  =  0.03  D2L)  (35.61) 

P  =  power  absorbed  by  the  sugar  conveyor,  in  kW  (h.p.) 
D  =  exterior  diameter  of  the  screw,  in  m  (ft.) 
L  =  length  of  the  screw,  in  m  (ft.). 
Tromp  recommends: 

(/)  That  the  shaft  be  supported  every  3  m  (10  ft.),  in  the  trough 

(2^TYvat  a  ckatawce  of  6  mm    m.1)  be  allowed  between  the  screw  and  the  trough,  to  avoid 
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(3)  That  the  sugar  which  collects  and  hardens  in  this  space  between  screw  and  trough 
should  be  removed  every  week. 

Screw  conveyors  have  the  disadvantage  of  crushing  the  sugar.  For  this  reason,  grasshopper 
conveyors  are  generally  preferred. 

(b)  Grasshopper  conveyor.  This  conveyor  consists  of  a  wide,  flat  and  shallow  trough,  sup- 
ported on  flexible  strips  inclined  at  60°  to  the  horizontal  (Fig.  35.23).  The  trough  is  subjected 
to  repeated  vibrations  by  means  of  an  eccentric.  The  latter  has  a  stroke  c  of  approximately 
40  mm  (lj  in.)  and  rotates  at  about  300  r.p.m. 


r 


Fig.  35.23.  Grasshopper  conveyor. 


At  the  moment  of  the  vibration,  the  grains  of  sugar  situated  in  the  trough  make  a  horizon- 
tal jump  of: 

r  =  sin  2  ^  |  -  a  j  ~  (35.62) 

a   =  inclination  of  the  flexible  strips  to  the  horizontal 

g    =  acceleration  due  to  gravity  =  9.81  m/s/s  (32.16  ft./s/s) 

v    =  speed  of  projection  of  the  grain  =  approximately  1.5  times  the  mean  speed  of  the  ec- 
centric, in  m/s  (ft./s): 

-  _  2cn  cn 

"  =       ~60~  =  20  (35  63) 

c    =  stroke  of  the  eccentric,  in  m  (ft.) 

n    =  speed  of  rotation  of  the  eccentric,  in  r.p.m. 

Now,  while  the  sugar  is  thus  thrown  forward,  the  conveyor  returns  under  it,  and  it  is  ar- 
ranged so  that  the  return  stroke  corresponds  very  closely  to  the  time  during  which  the  crystals 
are  being  thrown  forward,  in  such  a  way  that  the  sugar  thus  proceeds  again  through  a 
distance  equal  to  the  return  stroke: 


r'  -  c  sin  a 


(35.64) 
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whence: 

A  =  r  +  r' 

We  have  then: 

Q  =  SAnkd  (35.65) 

Q  =  output  of  the  conveyor,  in  kg  (lb.)  of  sugar/min 

S   =  useful  vertical  cross-section  of  the  trough,  in  m2  (sq.ft.) 

A  =  r  +  r'  =  movement  of  the  sugar  per  stroke,  in  m  (ft.) 

n  ~  rotational  speed  of  the  eccentric,  in  r.p.m.  =  number  of  vibrations/min 

k  =  coefficient  of  slip  (approximately  0.5) 

d  =  apparent  density  of  the  sugar,  in  kg/m3  (800-950)  (50-60  lb./cu.ft.) 

If  necessary,  the  sugar  may  be  elevated  by  inclining  the  conveyor,  provided  that  an  angle 
of  30°  with  the  horizontal  is  not  exceeded. 

The  best  material  for  the  flexible  strips  is  ash  timber. 

Power.  The  power  requirements  of  the  motor  for  a  grasshopper  conveyor  may  be  calculat- 
ed approximately  as  follows: 

P  -  2.25  +  S  {P  =  3   +  -  ^  (35.66) 

V  w  I 

P  =  power  of  the  motor,  in  kW  (h.p.) 

S   =  horizontal  surface  of  the  trough  (=  length  x  width),  in  m2  (sq.ft.). 

This  equation  is  useful  for  horizontal  conveyors.  If  they  are  inclined  and  elevate  the  sugar, 
it  is  necessary  to  add  the  corresponding  work  to  be  done,  that  is: 

P'  =  —  P'  =  -  (35.67) 

60  X  100  60  X  550  . 

P'  =  additional  power  required,  in  kW  (h.p.) 

Q  =  output  of  the  conveyor,  in  kg  (lb.)  of  sugar/min 

H  =  mean  distance  in  level  between  the  discharge  end  of  the  conveyor  and  the  points  at 
which  sugar  is  discharged  from  the  centrifugals,  in  m  (ft.). 

Sugar  elevators 

The  sugar  is  often  transported  to  the  dryer  by  an  elevator  which  may  be  vertical  or  inclined. 
It  consists  of  a  chain  or  a  belt  carrying  buckets,  running  on  a  return  pulley  at  the  bottom, 
and  driven  by  a  similar  pulley  at  the  top  of  the  elevator. 

The  distance  between  buckets  on  the  belt  is  30-40  cm  (12-  16  in.).  The  speed  of  the  belt 
should  be  maintained  between  18  and  30  m/min  (60-  100  ft./min).  The  capacity  will  be: 
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Q  =  GVN  (35.68) 

Q  =  output  of  sugar,  in  kg/min  (lb./min) 
G  =  weight  of  sugar  conveyed  per  bucket,  in  kg  (lb.) 
V  =  speed  of  the  belt,  in  m/min  (ft./min) 
N  =  number  of  buckets/m  (buckets/ft.)  of  belt. 

For  G,  we  may  take  half  the  weight  of  water  which  would  fill  the  bucket  on  its  upward  run. 

Rubber  conveyors  may  be  inclined  at  23° 
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36.   Storage  and  Drying  of  Sugar 


The  commercial  sugar  leaving  the  centrifugals,  which  is  to  be  packed  for  sale  or  export, 
generally  has  a  moisture  content  of  0.5-2%.  Moisture  is  very  detrimental  to  keeping 
qualities  of  the  sugar,  when  it  exceeds  a  certain  limit,  and  particularly  when  it  rises  above  1%. 

Safety  factor 

This  limit  depends  on  the  proportion  of  impurities  present  in  the  sugar.  A  given  percentage 
of  water  is  more  detrimental  with  a  sugar  of  higher  purity.  If  we  put: 

%  water 

/  =   (36.1) 

100  —  polarisation 

then  if: 

I  <  0.3:  the  sugar  will  not  deteriorate,  or  will  deteriorate  only  slowly 
/  >  0.3:  the  sugar  will  deteriorate  rapidly. 

However,  there  is  no  general  agreement  on  the  limiting  value  of  this  factor  /,  known  as 
the  safety  factor  of  the  sugar.  In  India1,  for  example,  it  is  given  as: 

0.22  for  white  or  refined  sugars 
0.20  for  raw  sugars 

Generally  a  figure  of  0.25  is  used  instead  of  0.3.  Between  these  values,  keeping  qualities 
are  considered  to  be  doubtful. 

Dilution  indicator 

A  modification  of  the  safety  factor  is  preferred  in  Australia  and  is  coming  into  use  in  some 
other  countries.  This  is  the  Dilution  Indicator  (D.I.): 

. ,  <%  mnistiirp  .   „^  

D.I.    =     x        100  (36.2 

100  -  (%  pol  +  %  moisture) 

that  is,  moisture  per  cent  non-pol.  It  is  considered  that  values  of  D.I.  above  50  (correspon- 
ding to  a  safety  factor  of  0.33)  indicate  considerable  risk  of  deterioration. 
The  author  recommends  the  use  of  the  dilution  indicator  rather  than  the  safety  factor. 

Conditions  for  storage  of  sugar 

Spengler  and  Bottger  have  established  that  between  10  and  30°C  (50  and  86°F)  the  keeping 
qualities  of  sugar  are  independent  of  temperature.  On  the  other  hand,  Webster3  has  shown 
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that,  between  31  and  40°C  (88  and  104°F)  and  at  humidities  ranging  from  50  to  78%,  it  is 
only  at  the  lowest  humidities  and  temperatures  that  the  safety  factor  is  valid. 

Various  authors  differ  on  the  critical  humidity,  for  which  they  give  values  ranging  from 
50  to  75%.  Webster  has  found  the  value  to  depend  largely  on  reducing-sugar  content. 

In  Puerto  Rico4  it  is  considered  that  equilibrium  exists  between  sugar  and  the  atmosphere 
at  a  relative  humidity  of  63%;  if  the  humidity  falls  below  that  value,  the  sugar  will  lose 
moisture. 

According  to  Freise5,  another  factor  influencing  the  keeping  qualities  of  sugar  is  the  pro- 
portion of  oils  and  waxes  contained  in  the  material  of  the  sacks,  which  renders  them  less 
permeable.  Thus  sugar  stored  in  washed  sacks  will  not  keep  as  well  as  sugar  in  new  sacks. 
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Stores  for  bagged  sugar 

For  good  keeping  qualities  of  the  sugar  in  a  store,  it  is  necessary  to  observe  the  following 
precautions6: 

(a)  The  sugar  should  be  bagged  dry,  and  not  too  hot.  If  the  sugar  is  at  a  temperature  above 
38°C  (]00°F),  it  wil]  harden  in  the  sacks. 

(b)  The  bottom  layer  of  bags  should  be  protected  from  dampness,  by  interposing  a  grating 
or  a  bitumen-lined  paper. 

(c)  The  bags  should  be  arranged  in  large  stacks,  cubical  as  nearly  as  possible,  to  decrease 
the  surface  relative  to  the  volume. 

(d)  The  stacks  should  be  covered  with  bitumen-lined  paper,  at  the  top  and  sides.  In  Java, 
it  has  been  found  advantageous  to  cover  the  stacks  of  bags  with  a  layer  of  dry  bagasse, 
designed  to  protect  the  stack  from  radiation  from  the  roof.  It  is  advisable  also  to  paint  the 
roof  with  aluminium  paint  to  decrease  its  temperature. 

Keeping  qualities  of  sugar  are  worse: 

(a)  At  higher  temperatures 

(b)  At  higher  atmospheric  humidities. 

It  would  be  of  advantage  to  maintain  the  humidity  in  the  sugar  store  as  uniform  and  as 
low  as  possible.  It  should  not  rise  above  65%. 

Similarly,  the  sugar  store  should  be  kept  at  a  temperature  as  uniform  as  possible.  It  should 
not  be  opened  except  on  dry  and  cooler  days. 

It  will  be  of  advantage  to  have  a  recording  thermometer  and  hygrometer  in  the  store. 

Volume  required.  When  the  sugar  is  arranged  in  a  closely  packed  stack,  its  bulk  density 
may  be  reckoned  at  800  kg/m3  (50  lb./cu.ft.)  of  stack.  It  must  not  be  overlooked  that  it  is 
necessary  to  leave  corridors  around  the  stacks  for  traffic  and  for  handling  the  sugar.  It  is 
likewise  preferable  not  to  stack  the  sugar  close  against  the  walls. 

The  use  of  portable  conveyors  and  elevators  reduces  costs  of  handling  and  stacking. 

When  sugar  is  stacked  in  hessian  bags,  it  is  advisable  to  give  the  sides  of  the  stack  a  batter 
of  20°.  If  paper  bags  are  used,  1\°  is  sufficient.  The  height  of  the  stack  may  be  25  bags  in 
the  former  case  and  40  in  the  latter7. 
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Bulk  storage 

Sugar  stored  in  bulk  in  a  silo  deteriorates  much  more  slowly  than  sugar  in  bags.  The  surface 
of  the  pile  absorbs  some  moisture,  but  then  forms  a  crust  which  retards  penetration  of 
moisture  into  the  pile.  The  thicker  this  crust  becomes,  the  more  effectively  it  retards  penetra- 
tion of  moisture.  It  is  possible  in  this  way  to  keep  dry  sugar  for  several  years  in  tropical  coun- 
tries without  appreciable  loss  of  titre. 

For  bulk  storage,  calculations  may  be  based  on  a  bulk  density  of  800  -  900  kg/m3  (50  -  55 
lb./cu.ft.).  The  sugar  becomes  considerably  compacted  in  falling  on  to  the  pile;  at  a  depth 
of  6  m  (20  ft,),  it  would  retain  a  density  of  1000  kg/m3  (62  lb./cu.ft.);  for  a  deep  silo,  one 
may  assume  a  mean  density  of  900  kg/m3  (55  lb./cu.ft.)8. 

The  angle  of  repose  of  dry  sugar  is  about  33  -  36°.  It  may  increase  as  far  as  50  -  53°  when 
the  sugar  is  moist.  It  is  the  moisture  content  that  determines  this  angle,  and  differing  values 
would  be  found  according  to  the  moisture  content  of  the  sugar9.  In  Australia10,  at 
Mourilyan,  sugars  from  five  factories  investigated  varied  between  33  and  41°.  In  Reunion, 
values  ranging  from  33  to  36°  are  found.  The  silo  at  Townsville  has  been  built  with  a  roof 
angle  of  35°. 

For  transport  of  bulk  sugar,  rubber  belt  conveyors  should  be  limited11  to  a  slope  of  20°; 
and  a  value  of  16°  is  recommended.  However,  Meade12  indicates  a  maximum  of  22°.  For 
high-quality  raw  sugars,  the  author  adopts  20°. 

For  the  speed  of  such  conveyors,  a  value  of  2.5  m/s  (8  ft./s)  may  really  be  used,  as  this 
value  is  definitely  exceeded  by  some  manufacturers. 

The  pressure  exerted  by  sugar  in  bulk  is  higher  than  is  normally  supposed.  Economic 
designs  of  silos  generally  do  not  exceed  3  m  (10  ft.)  in  the  height  of  side  walls  if  these  are 
not  buttressed,  and  consist  mainly  of  a  roof  covering  a  pile  of  sugar,  of  prismatic  shape  (Fig. 
36.1). 

The  sugar  is  delivered  into  the  bulk  store  by  the  belt  conveyor  installed  under  the  ridge 
of  the  roof,  and  is  diverted  into  the  stack  either  by  a  movable  plough  placed  above  the  belt, 
or  by  a  second  belt  conveyor  which  is  movable  and  of  length  equal  to  half  that  of  the  bulk 
store,  fed  at  its  centre  and  situated  below  the  other  conveyor. 


Fig.  36.1.  Bulk  sugar  store. 
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Recovery  of  the  sugar  for  loading  ships,  for  example,  is  done  from  below,  by  hoppers 
which  are  covered  with  special  slides.  The  sugar  is  pushed  into  the  hoppers,  picked  up  by 
a  belt  conveyor,  and  weighed  on  automatic  scales  (Servo-Balans  or  Schenk  being  well-known 
makes).  A  loading  boom,  moving  on  rails  the  length  of  the  wharf,  and  fitted  with  an  arm 
ending  in  a  telescopic  tube,  delivers  this  sugar  to  the  bottom  of  the  hold.  A  thrower- 
distributor  throws  the  sugar  into  the  corners  of  the  hold.  The  best-known  make  is 
Stephens- Adamson,  made  in  France  under  licence  by  Boyer.  There  is  also  the  Lucas 
Thrower,  manufactured  by  Fletcher  and  Stewart. 

Hoppers.  To  prevent  sugar  from  adhering  to  the  walls  of  the  hoppers,  it  is  necessary,  when 
these  are  of  quadrangular  pyramid  form,  that  the  sides  should  have  a  slope  of  77°,  which 
corresponds  to  72°  in  the  corners  of  the  hopper13.  For  a  cylindro-conical  hopper,  65°  is  suffi- 
cient. 

Loss  of  weight  and  of  test 

With  raw  sugar  from  a  first  massecuite,  with  a  good  dilution  indicator,  stored  in  bags  in 
tropical  countries  in  a  coastal  climate,  the  loss  in  titre  is  approximately  0.1°  (2 —  4  in 
recovery)  per  month.  Handling  and  transport  by  sea  aggravate  the  loss.  When  the  sugar  is 
already  deteriorated,  the  loss  becomes  more  and  more  rapid;  in  other  words,  the  curve  of 
titre  as  a  function  of  time  has  a  parabolic  form  and  slopes  rapidly  downwards. 

For  sugar  stored  in  bulk,  it  has  been  found  at  Kahului14  (Hawaii)  that  the  loss  of  polarisa- 
tion is: 


Factor  of  safety 

Number  of  analyses 

Mean  loss  of  polarisation 

per  month 

0.15-0.24 

125 

0.01 

0.25-0.30 

55 

0.02 

Specific  heat  of  sugar 

The  specific  heat  of  crystal  sugar,  between  15  and  75 °C,  is  approximately15: 

c  =  0.28  kcal/kg  (or  B.T.U./lb.) 

or  more  accurately: 

c  =  0.2775  +  0.000  085  t  (c  =  0.276  +  0.000  047  t)  (36.3) 

t    =  temperature  of  sugar,  in  °C  (°F). 
Drying  of  sugar 

The  deterioration  of  sugar  is  retarded  and  the  loss  in  test  is  reduced  if  the  moisture  content 
of  the  sugar  is  reduced.  The  water  content  of  raw  sugar  is  generally  within  the  range 
0.5-2%.  With  a  dryer,  this  may  be  reduced  to  between  0.2  and  0.5%.  This  gives  a  saving 
in  two  directions: 
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(a)  The  sugar  keeps  better 

(b)  The  polarisation  and  the  titrc  increase  immediately,  in  proportion  to  the  water  remov- 
ed, and  if  for  example  the  polarisation  increases  from  97.8  to  98.2°,  the  financial  gain  so 
realised  is  much  greater  than  the  loss  of  weight  due  to  the  water  evaporated. 

Sugar  dryer 

Figure  36.2  illustrates  a  dryer.  It  consists  of  an  air  heater  with  fan,  and  is  divided  into  a  dry- 
ing portion  and  a  cooling  portion. 


Fig.  36.2.  Sugar  dryer  (Comessa) 


Calculations  for  a  sugar  dryer.  Drying  by  contact  with  hot  air  involves  heating  the  air,  to 
increase  its  capacity  for  absorbing  water,  and  bringing  it  into  intimate  contact  with  the  sugar, 
from  which  it  evaporates  the  moisture. 

(A)  Volume  of  air.  There  are  two  possible  methods  of  circulation: 

(a)  Countercurrent  flow,  where  the  air  flows  in  the  opposite  direction  to  the  sugar 

(b)  Parallel  flow,  where  the  air  and  the  sugar  flow  in  the  same  direction. 

For  safety,  the  calculation  is  based  on  the  most  unfavourable  condition,  that  is,  it  is  assum- 
ed that  the  ambient  air  is  saturated.  On  the  other  hand,  the  air  leaving  a  dryer  is  generally 
not  saturated;  it  is  assumed  that  it  has  absorbed  only: 

(a)  In  the  case  of  countercurrent  flow:  two-thirds  of  the  quantity  of  water  which  it  could 
have  absorbed  if  it  had  left  in  a  saturated  condition 

(b)  In  other  cases:  one-third  only  of  that  quantity. 

We  have  then,  in  the  case  of  countercurrent  circulation: 
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A  = 


1,000  Ph 
I  {H\  —  Ho) 


1^500  Pfc 
Ho 


Hx 


(36.4) 


A    -  weight  of  air  to  be  passed  through  the  dryer,  in  kg/h  (lb./h) 

p    =  weight  of  sugar  to  be  dried,  in  kg/h  (Ib./h) 

h    -  moisture  content  of  sugar  relative  to  unity  (0.01,  for  example) 

Ho  =  weight  of  water  vapour  contained  in  saturated  air  at  the  temperature  to  of  entry  of  air 

to  the  heater  (ambient  temperature),  in  kg/ 1,000  kg  (lb./ 1,000  lb.) 
H\  =  weight  of  water  vapour  contained  in  saturated  air  at  the  temperature  tx  of  exit  from 

the  dryer,  in  kg/1,000  kg  (lb./ 1,000  lb.). 
In  the  case  of  circulation  other  than  countercurrent,  the  coefficient  1,500  in  eqn.  (36.4) 
should  be  replaced  by  3,000. 
Hi  and  Ho  are  taken  from  the  graph  of  (Fig.  36.3). 

Knowing  the  weight  of  air,  we  may,  if  required,  calculate  from  it  the  volume: 

(36.5) 


a0  +  e0 


V  -  volume  of  air  required,  in  mVh  (cu.ft./h) 

ff0  =  density  of  air  at  to  degrees,  in  kg/m3  (lb./cu.ft.) 

eo  -  weight  of  vapour  contained  in  saturated  air  at  to  degrees,  in  kg/m3  (lb./cu.ft.). 
Figures  36.3  and  36.4  give  graphs  of  e  and  a  respectively  as  functions  of  temperature. 
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Fig.  36.3.  Weight  of  water  vapour  in  saturated  air  (per  unit  weight  and  per  unit  volume). 
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Fig.  36.4.  Weight  of  dry  air  per  unit  volume  of  saturated  air 
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(B)  Heating  surface  of  the  air  heater.  The  air  heater  generally  consists  of  tubes,  with  or 
without  fins,  in  cast  iron  or  in  aluminium,  which  are  supplied  with  steam  at  about  5  kg/cm2 
(70  p.s.i.).  The  condensate  leaves  at  the  bottom. 

The  heating  surface  of  this  small  heat  exchanger  will  be  given  by: 


S  = 


M 

t;    •  to 

...  — — 


(36.6) 


S  =  heating  surface  of  the  air  heater,  in  m  (sq.ft.) 

M  =  quantity  of  heat  to  be  transmitted,  in  kcal/h  (B.T.U./h) 

k  =  heat-transfer  coefficient,  in  kcal/m2/°C/h  (B.T.U./sq.ft./°F/h) 

T  =  temperature  of  the  saturated  steam  employed,  in  °C  (°F) 

to  =  temperature  of  cold  air  entering,  in  °C  (°F) 

t\  =  temperature  of  hot  air  leaving,  in  °C  (°F). 

We  shall  take: 
k  =  10  kcal/mV°C/h  (2  B.T.U./sq.ft./°F/h). 
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The  quantity  of  heat  Mto  be  transferred  is  calculated  from  the  fact  that  it  consists  of  three 
principal  terms: 
(7)  The  heat  necessary  to  heat  the  weight  A  of  air: 

<7i  =  Ac  (ti  -  to)  (36.7) 

c    =  specific  heat  of  the  air  =  approximately  0.24. 

(2)  The  heat  necessary  to  evaporate  the  water  contained  in  the  sugar  (this  is  generally  the 
most  important  term): 

qz  =  Ph  [607  +  0.3  f,  -  tQ] 

(36.8) 

(q2  =  Ph  [1,093  +  0.3  (/,  -  32)  -  (f0  -  32)]) 

This  quantity  q2  of  heat  corresponds  to  that  given  up  by  the  hot  air  between  T  reached  at 
the  outlet  from  the  air  heater  and  A,  and  which  has  not  been  included  in  qx. 

(3)  The  heat  necessary  to  heat  the  vapour  contained  in  the  weight  A  of  air,  assumed 
saturated  (this  is  generally  a  very  small  term): 

(73  =  AHx>C  (r,  -  fo)  (36.9) 

c'  -  specific  heat  of  the  vapour  =  approx.  0.475. 
Ho  is  expressed  as  kg  of  water/kg  of  air. 

Strictly  speaking,  it  would  be  necessary  to  add  the  heat  necessary  to  heat  the  sugar. 
However,  since  the  latter  is  already  at  a  temperature  only  slightly  below  that  at  which  it 
leaves,  this  term  is  generally  neglected. 

There  remains  the  heat  lost  to  the  ambient  air.  This  is  taken  into  account  at  the  same  time 
as  the  preceding  small  term,  by  writing: 

M  =   1.25  {qx  +  q2  +  q3)  (36.10) 

The  air  should  not  be  heated  to  more  than  95  -  100°C(203  -2]2°F),  or  1 10°C(230°F)  ac- 
cording to  Tromp16,  in  order  to  avoid  damage  to  the  sugar  by  the  high  temperature.  It  is  ar- 
ranged generally  that  the  temperature  of  the  air  leaving  the  heater  is  between  70  and  95 °C 
(158  and  203°F). 

The  air  velocity  is  of  the  order  of  1  -  5  m/s  (3  -  16  ft./s),  but  it  is  reported17  that  velocities 
greater  than  1  m/s  involve  risk  of  picking  up  fine  sugar  crystals.  In  practice  this  speed  is  often 
taken  up  to  2  m/s  (6.5  ft./s),  a  limit  which  should  not  be  exceeded,  reckoned  on  the  hot  air 
leaving  the  dryer. 

The  steam  consumption  will  be: 

M 

Q  =  -  (36.11) 
r 


Q  -  steam  consumption  for  the  air  heater,  in  kg/h  (lb./h) 

r    =  latent  heat  of  the  steam  used  (approx.  500  kcal/kg  (900  B.T.U./lb.)). 
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Fig.  36.5.  Bulk  sugar  silo,  in  four  cells. 

This  steam  consumption  is  generally  of  the  order  of  2-3  kg/100  kg  of  sugar. 

The  portion  of  the  dryer  serving  as  cooler  should  reduce  the  sugar  to  a  temperature  of 
35-40°C  (95-  104°F). 

Since  sugar  dust  is  explosive  when  it  is  very  fine  and  mixed  with  air,  it  is  necessary  to  pro- 
hibit smoking  in  the  sugar-drying  room,  and  it  is  preferable  to  install  the  fan  for  induced 
draught  rather  than  forced  draught,  to  avoid  risk  of  blowing  this  dust  into  the  drying  room 
through  leaks  in  the  equipment. 

The  concentration  of  powdered  sugar  in  the  air  above  which  explosion  is  possible  is  60 
g/m3  (0.06  oz./cu.ft.)  for  powder  of  0.1  mm;  it  falls  to  7  g/m-  for  very  fine  powder18.  In 
Sweden15  a  figure  of  17  g/m-  is  given,  without  specifying  the  fineness. 

Types  of  dryer.  There  are  three  principal  types  of  sugar  dryer: 

(a)  Vertical  dryers  with  superimposed  plates 

(b)  Fluidised-bed  dryers 

(c)  Rotating-drum  dryers. 
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Dryers  with  superimposed  plates.  Well-known  dryers  of  this  type  are  the  French  Comessa 
(Fig.  36.2)  and  the  German  Buttner.  They  are  cylindrical  in  form,  contain  20-30  rotating 
annular  plates,  with  a  central  space  which  serves  as  a  passage  for  the  air.  These  plates  are 
divided  into  very  small  sectors,  30  or  40  for  the  upner  plates,  20-30  for  the  lower  ones, 
separated  by  slots  which  themselves  are  small  sectors  of  2  or  3°.  The  sugar  deposited  on  the 
top  plate  falls  through  the  slots  onto  the  next  plate  when  it  encounters  an  inclined  scraper 
which  acts  as  a  rake.  The  slots  in  successive  plates  are  staggered  so  that  the  sugar  falls  only 
to  the  next  plate  and  completes  almost  a  full  rotation  before  encountering  the  next  scraper. 
At  a  distance  ahead  of  the  scraper  is  an  equaliser,  which  is  a  scraper  set  at  20  -  30  mm  (I  -  1\ 
in.)  above  the  plates,  and  which  smooths  out  the  hillocks  of  sugar  and  gives  a  uniform  layer 
on  the  plate.  The  sugar  layer  is  thus  about  25  mm  (1  in.)  in  thickness  and  its  surface  is  renew- 
ed at  each  drop.  From  the  lowest  plate,  the  sugar  is  discharged  from  the  dryer  by  an  inclined 
chute. 

An  air  duct  surrounding  the  plates  contains  4  tubular  air  heaters  supplied  with  steam  at 
1 .5  -2 kg/cm2  (20-30p.s.i.).  The  hot  air  passes  over  the  plates  and  is  removed  by  the  cen- 
tral chimney;  cold  air  is  supplied  to  the  lower  plates,  the  air  heaters  being  limited  to  the  upper 
three-quarters  of  the  equipment.  The  interval  between  the  plates  is  approximately  20  cm  (8 
in.). 

This  equipment  scarcely  damages  the  crystals,  by  reason  of  the  low  drop  from  one  plate 
to  the  next  and  the  fact  that  only  a  small  proportion  of  the  crystals  fall  directly  on  the  plate, 
the  remainder  falling  on  to  the  initial  layer  of  crystals.  However,  these  dryers  are  bulky,  and 
an  accident  to  a  scraper  or  a  plate  can  mean  a  serious  amount  of  broken  metal. 

Fluidised-bedDryers.  The  sugar  is  distributed  on  a  perforated  plate;  hot  air  passes  through 
this  plate  and  through  the  sugar  layer.  The  transmission  of  heat  is  very  rapid,  permitting  a 
very  brief  time  in  the  dryer.  However,  the  fluidisation  and  the  air  flow  involve  abrasion  of 
the  crystals;  the  equipment  also  requires  a  rather  high  power  consumption. 

Rotary-drum  Dryers.  This  is  the  type  most  widely  used.  A  French  make  is  the  Vernon,  and 
the  one  most  widely  used  is  the  Roto-Louvre.  In  general  it  is  cylindrical,  and  set  at  a  slope 
of  about  5°  to  the  horizontal,  which  facilitates  the  movement  of  the  sugar  from  end  to  end 
of  the  drum,  being  repeatedly  lifted  and  dropped  through  the  countercurrent  air  flow.  The 
drum  is  often  arranged  to  act  as  both  dryer  and  cooler,  the  cold  air  entering  at  the  lower  end 
and  leaving  near  the  middle  of  the  drum,  where  the  hot  air  is  introduced.  The  drum  rotates 
slowly  and  is  fitted  with  vanes  which  lift  the  sugar  repeatedly.  The  drum  diameter  is  1.5-2 
m  (5-7  ft.),  according  to  its  capacity.  The  larger  diameters  have  the  disadvantage  that  the 
repeated  fall  of  the  crystals  causes  abrasion  at  the  corners  of  the  crystals  and  produces  a  fine 
sugar  powder  which  must  be  collected  and  recovered;  it  settles  around  the  dryer,  is  scattered 
around  the  sugar  hopper,  and  even  after  delivery  into  storage.  To  minimise  this  trouble, 
B.M.A.  divide  their  dryer  so  that  the  crystals  fall  in  a  number  of  small  drops,  rather  than 
the  full  diameter  of  the  drum  (Fig.  36.6). 

This  trouble  has  prompted  Fives  Cail-  Babcock  in  turn  to  design  a  multi-tubular  dryer- 
cooler  (Fig.  36.7);  this  consists  of  6  horizontal,  parallel  dryer  tubes  surrounding  a  central  sup- 
port tube  of  the  same  diameter,  with  6  parallel  cooler  tubes  placed  around  these  six,  with 


Fig.  36.7.  Multitube  sugar  dryer  (Fives  Cail  -  Babcock). 
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a  driving  mechanism  for  rotating  the  assembly  on  bearings  situated  at  the  two  ends  of  the 
supporting  tube.  The  twelve  tubes  are  provided  with  interior  baffles  which  ensure  mixing  and 
movement  of  the  sugar,  which  is  introduced  at  one  end  of  the  dryer  tubes,  and  progresses 
to  the  far  end,  where  it  passes  by  appropriate  chutes  into  the  cooler  tubes  (Fig.  36.8).  The 
air  from  the  air  heater  enters  the  tubes  with  the  sugar  and  traverses  the  tubes  in  parallel  cur- 
rent with  the  sugar.  The  cold  air  enters  at  the  delivery  end  of  the  cooler  tubes,  and  flows 
countercurrent  to  the  sugar,  leaving  by  the  far  end;  it  mixes  with  the  outgoing  hot  air,  and 
both  pass  through  a  washer  or  cyclone  separator  to  recover  the  sugar  dust  which  is  then 
recovered,  either  dry  or  in  solution,  and  passed  back  to  the  process. 


V*fS  d«po*j»ier*&« 
To  d*du£!in9 

♦ 

I 
I 


A»r  fraii 
Frrth  tir 
Aire  frMCO 


Air  chtud 
Hot  Sir 

Airc calienl*   Emrta  du  lucri 
Suqw  infer 
c.ntrKJid*. 


Coupe  longitudinals  suivant  A 
Longitudinal  section  A  -  A 
Corte  longitudinal  A  ■  A 


Coupe  tran&versale  suivant 
B  -  B;  passage  ties  tubes 
sechours  (1  a  6)  aux  tubes 
refroidisseurs  II  i  0), 
Transversal  section  B  -  B: 
transfer  from  drying  tubea 
(1  to  6)  to  cooling  tubes 
<r  to  6V. 

Cone  transversal  B  -  8; 
peso  de  lot  tuoos  aecadorea 
(1  a  6)  a  lostubos 
entriedores  11'  a  8'). 


Coupe  transversale 

suivant  C-  C 
Transversal  section  C-  C 
Corte  transversal  C  -  C 


Fig.  36.8.  Longitudinal  and  transversal  sections  of  a  multitube  dryer  (Fives  Cail  -  Babcock). 
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Power  and  speed.  The  speed  of  rotation  of  a  single-drum  dryer  is  approximately: 

8-10 
n  =    ~~  r.p.m. 

The  speed  of  the  multi-tube  is  somewhat  less.  The  power  consumption  of  the  single-tube  type 
is  about  15  kW  (20  h.p.),  that  of  the  multi-tube  about  one-third  of  that  figure,  since  the 
weight  of  sugar  is  much  better  distributed. 

Design  of  a  dryer.  We  assume  the  choice  of  a  multi-tube  dryer,  of  Fives  Cail-  Babcock 
design  (the  calculation  for  a  single-drum  dryer  is  much  simpler);  the  dryer  is  to  treat  the  sugar 
produced  by  a  factory  treating  250  t.c.h.,  the  production  of  which  may  reach  30  t/h  of  sugar 
leaving  the  centrifugals  at  a  moisture  content  of  1%. 

The  volume  of  the  dryer  should  be: 

V  =  %  (36.12) 
dr 

V  —  volume  of  dryer,  in  m3  (cu.ft.) 

Q  =  weight  of  sugar,  in  t/h 

t    =  transit  time  of  sugar  in  the  dryer,  in  h 

d  =  apparent  density  of  loose  sugar  =  0.80  kg/dm3  (50  lb. /cu.ft.) 
r    =  ratio  of  filling  of  the  dryer. 

For  1%  moisture,  we  accept  t/dr=  1.2-2,  generally  1.35.  If  the  moisture  content  differs 
from  1%  we  multiply  t  by  the  %  moisture  (1.5,  for  example). 

We  thus  have: 

V  =  30  X  1.35  =  40.5  m3  (1,440  cu.ft.) 

This  volume  must  be  distributed  between  6  tubes,  or  per  tube: 

v  =         =  6.75  m3  (240  cu.ft.) 

The  designer  proposes  tube  diameters: 

711  mm  (28  in.)  for  volume  lower  than   3.8  mJ  (134  cu.ft.) 

813  mm  (32  in.)  for  volume  of      3.8-  6  m3  (134-212  cu.ft.) 

914  mm  (36  in.)  for  volume  of      6    -  8  m3  (212-282  cu.ft.) 

1,219  mm  (48  in.)  for  volume  more  than  12  m3  (424  cu.ft.) 

We  take  d  =  914  mm  (36  in.).  The  length  L  of  the  tubes  will  be  such  that: 


 L  =  6.75     or:     L  = 

4 
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Cooler.  For  the  cooler,  we  retain  the  same  number  of  tubes  and  the  same  length  and  cross- 
sections  as  for  the  dryer;  with  cane,  these  are  sufficient  to  reduce  the  sugar  to  15°C  (27°F) 
above  the  ambient  temperature,  which  is  the  objective  generally  sought.  However,  we  must 
check  that  the  air  velocities  are  acceptable.  The  air  heated  to  90°C  (195°F)  drops  to  about 
40°C  (105°F)  after  the  dryer.  Its  density  is  thus  about  1.129  (Table  45.3).  The  quantity 
necessary  is  thus  (eqn.  (36.4),  Fig.  36.3): 

=  3,000  x  30,000  x  0.01  = 
49-19 

and  its  volume  is: 

30,000/1.129  =  26,570  m3  (938,000  cu.ft.) 

The  cross-section  of  the  dryer  is  thus: 

tt  y  0  9142 

6  x  -  =  3.94  m2  (42.4  sq.ft.) 


The  velocity  of  hot  air  leaving  is  then: 

26,570 
3,600  X  3.94  ~ 


1.87  m/s         (6.15  ft./s) 


which  is  close  to  the  acceptable  limit  (2  m/s  =  6.5  ft./s)  but  acceptable,  particularly  in 
parallel  flow. 

At  the  exit  from  the  cooler,  it  will  be  obviously  much  lower  (1.67  m/s  =  5.47  ft./s). 


Automatic  scales 

The  sugar  hopper  after  the  dryer  should  be  preceded  or  followed  by  an  automatic  scale. 
When  the  sugar  is  to  be  packed  into  bags,  this  may  be  a  bagging  scale.  For  bulk  sugar,  it 
could  be  a  continuous  integrating  scale  on  the  belt  conveyor,  but  batch  weighing  is  more  ac- 
curate and  is  to  be  recommended.  These  must  be  kept  clean,  and  checked  at  least  twice  per 
day. 
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37.  Sugar 


Density 

The  true  density  of  the  sugar  crystal  is  approximately  1.6  g/cm3.  In  Australia,  a  figure  of 
1.58  (98.6  lb./cu.ft.)  has  been  used1  for  commercial  sugar.  The  value  for  pure  sucrose  is 
given  as  1.596. 

The  apparent  density  of  granulated  sugar  varies  considerably  according  to  the  form  and 
the  regularity  of  the  crystals.  It  varies  generally  between  0.8  and  0.9  g/cm3  (50-55 
lb./cu.ft.). 

White  sugars  often  go  as  low  as  0.72  (45  lb./cu.ft.)la.  The  most  frequent  densities  of  raw 
sugars,  or  washed  raws,  are  of  the  order  of  0.82-0.90  (51  -56  lb./cu.ft.).  By  vibration  dur- 
ing filling,  a  compaction  of  10  -  20%  may  be  obtained,  which  thus  modifies  the  above  values 
to  a  corresponding  extent. 

In  a  conical  pile  in  bulk,  we  may  generally  assume  \%  higher  in  density,  for  sugar  under 
pressure1",  per  10  m  of  height  of  the  pile;  or  0.7  -  1  .8%  per  10  m  (33  ft.),  1  .3  -  3.2%  for  20 
m  (66  ft.).  In  Hawaii,  a  figure  of  881  kg/m3  is  used. 

Solubility  of  sucrose  in  water 

For  a  saturated  solution  we  have  the  following  relationships,  according  to  Verhaar  : 

E  =  0.355  (158  -  t)  (37.1) 
J,ZAfO 

(37-2) 

10,000  10,000 

s  =  -  =    (37.3) 

100  +  E     100  +  0.355  (158  -  0 

where: 

E  =  water  %  sucrose  \ 

S   =  sucrose  %  water  V       at  the  condition  of  saturation 

r 

s    =  sucrose  %  of  solution  } 

t    =  temperature  of  the  solution,  in  °C. 

Table  37.1  gives  several  values  of  the  solubility  of  sucrose,  as  determined  by  Wise  and 
Nicholson3: 


CONTRACTION 
TABLE  37.1 

SOLUBILITY  OF  SUCROSE 


833 


Temperature  (°C) 

20  (68°F)       30(86°:F)      40  (W4°F)      50  (122°F)      60  (140' 'F)  70  (158°F)  80  (176° F) 

x           66.32            68.20            70.14             72.16            74.24  76.40  78.62 

S          196.9            214.5             234.9            259.2            2B8.2  323.7  367.7 


These  are  the  values  given  by  the  equation: 

s  ~ 62.77  +  0.1706  t  +  0.000  344  t2  (37.4) 
Charles4  has  given  slightly  different  values,  corresponding  to  the  equation: 

s  =  64.4  +  0.0725  t  +  0.002057  t2  -  0.000009035  f3  (37.5) 
In  Poland43  the  equation 

s  =  68.415  +  0.09559  t  +  0.000  4905  t* 
has  been  developed  as  applicable  over  the  range  89.2°C  ^  t  ^  145. 3°C. 
Contraction 

When  sugar  is  dissolved  in  water,  and  the  solution  is  diluted,  the  volume  of  the  resulting  solu- 
tion is  always  lower  than  the  sum  of  the  volumes  of  its  two  components. 

In  the  case  of  solutions  of  pure  sugar,  Paar5  states  that  this  contraction  is  a  maximum  for 
a  concentration  of  57.3%,  at  which  it  amounts  to  10.3  cm3  per  litre  (or  approximately  1%). 
For  impure  solutions  the  extent  of  the  contraction  differs,  but  is  generally  greater  than  for 
pure  solutions. 

Filterability 

The  filterability  of  commercial  raw  sugar  is  an  important  quality  to  the  refiner.  The  term 
refers  to  the  ease  or  otherwise  of  filtering  in  the  refinery  the  liquors  produced  by  dissolving 
the  raw  sugars  being  treated. 

The  filterability  of  a  given  sugar  depends  on  its  impurities,  and  particularly  on  the  follow- 
ing components: 
Starch 
Waxes 
Gums 

Iron  and  other  phosphates 
Silica 

Certain  elements  such  as  Ca,  Mg,  Al,  which  are  important  particularly  due  to  the  fact  that 
they  increase  viscosity. 
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The  sugar  manufacturer  has  little  means  at  his  disposal  for  altering  these  factors,  which 
depend  on  the  nature  of  the  cane  rather  than  on  factory  operation.  One  factor  by  which  they 
can  be  varied  is  the  washing  of  the  filter  cake,  after  the  actual  filtration:  by  restricting  this 
washing  and  avoiding  excess,  there  is  less  risk  of  carrying  the  waxes  on  to  the  manufacture, 
as  these  materials  are  very  unfavourable.  On  the  other  hand,  it  is  difficult  to  eliminate  starch 
during  the  defecation;  starch  passes  through  and  enters  the  sugar  crystal  and  is  found  prac- 
tically integral  with  the  finished  sugar. 

Cane  juices  may  contain  as  much  as  460  mg  of  starch  per  litre.  A  fair  proportion  of  this, 
however,  can  be  eliminated  by  centrifuging6.  It  has  also  been  suggested  in  Australia  that 
starch  can  be  eliminated  by  the  action  of  the  natural  enzymes  in  the  juice,  by  maintaining 
the  juice  at  70°C  (158°F)  for  a  certain  time,  10  -  30minutes.  This  procedure  has  been  applied 
in  South  Africa.  The  starch  is  then  depolymerised,  while  the  temperature  does  not  permit  the 
formation  of  dextran. 

In  Australia,  Briggs7  has  found  a  close  correlation  between  filterability  of  the  sugar  pro- 
duced and  the  pH  of  the  clarified  juice;  these  two  quantities  vary  in  the  same  direction:  when 
the  pH  dropped  from  7.0  to  6.6,  the  filterability  fell  from  50  to  36,  while  an  exceptional  pH 
of  6.2  gave  a  filterability  of  about  20. 

The  impurities  of  the  crystal  are  often  found  in  the  centre,  when  a  low-grade  sugar  such 
as  C  sugar  has  been  used  as  footing  for  the  crystal.  Further,  the  impurities  increase  from  the 
centre  towards  the  periphery,  which  is  normal,  since  the  purity  of  the  liquor  decreases  in  the 
pan  as  the  crystal  grows.  Hence  there  are  two  precautions  to  obtain  a  sugar  of  better 
filterability: 

(a)  It  is  necessary  to  remelt  the  C  sugar  (and  if  necessary  the  B  also)  instead  of  using  it 
as  footing  for  A  and  B  sugars 

(b)  It  is  desirable  to  boil  a  small  grain  in  order  to  avoid  peripheral  impurities:  Payne8 
recommends  0.2  mm  for  C  sugar  and  0.6  for  A  sugar. 

Inclusions  in  the  crystal  generally  occupy  0.2%  of  its  volume9,  sometimes  as  much  as 


Titre 

In  French  countries,  the  value  of  the  sugar  is  fixed  proportional  to  its  titre,  also  called 
"rendement  2  —  4".  This  is  a  formula  proposed  by  Girard  in  1876: 


r   =  reducing  sugars  %  on  sugar 
c   =  ash  %  sugar. 

The  refinery  moreover  deducts  1  %  of  the  titre  obtained,  before  multiplying  by  the  price 
unit  of  titre.  This  1  %  is  considered  to  represent  the  losses  in  refining  other  than  those  caused 
by  reducing  sugars  and  ash. 

In  Australia,  the  "net  titre",  a  very  analogous  figure,  is  used: 


0.4%. 


Titre  =  pol  -  (2r  +  Ac) 


(37.6) 


Net  titre  =  pol  -  (r  +  5  c) 


(37.7) 
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The  E.E.C.  has  accepted  an  approximate  simplification: 

Titre  =  2P  -  100 

P  =pol. 

Regularity  of  grain.  The  regularity  of  crystal  size  is  expressed  by  the  coefficient  of  varia- 
tion (c.v.).  It  is  given  by  100  times  the  difference  between  the  sizes  of  screens  which  retain 
16  and  84%  of  the  sample,  divided  by  twice  the  mean  opening  (m.a.  =  mean  aperture),  that 
is,  the  size  of  the  mesh  which  retains  50%  of  the  sample.  A  good  grain'0  has  a  c.v.  of  20  -  30; 
a  poor  one,  a  figure  above  40. 
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Density 

The  true  density  of  molasses  is  generally  of  the  order  of  1.4-  1.5;  but  it  normally  contains 
fine  air  bubbles  entrained  during  the  fugalling  process  and  also  picked  up  by  friction  every 
time  the  molasses  is  discharged  in  a  fine  stream  into  a  tank.  These  air  bubbles  escape  only 
very  slowly,  particularly  when  they  are  very  fine,  and  it  is  necessary  to  take  them  into  account 
in  any  figure  for  density. 

In  Jamaica1,  it  is  generally  estimated  that  the  included  air  represents  10-15%  of  the 
volume  of  the  molasses.  The  volume  of  air  moreover  is  greater  when  the  molasses  has  been 
handled  repeatedly.  We  should  take  preferably: 

10%  for  light  molasses 
15%  for  heavy  molasses 

In  Antigua2,  it  was  customary  to  subtract  5%  of  the  theoretical  weight,  but  a  careful  check 
has  indicated  that  it  would  sometimes  be  necessary  to  allow  17%  or  more. 

It  is  therefore  impossible  to  have  a  precise  control  on  a  volume  basis.  This  can  only  be  ob- 
tained by  weighing  the  molasses. 

Several  good  types  of  automatic  scale  are  available  for  weighing  molasses.  Such  a  scale  re- 
quires an  automatic  correction  for  tare,  to  take  into  account  the  film  of  molasses  which  re- 
mains adhering  to  the  tank  when  it  is  emptied. 

Viscosity 

Viscosity  is  a  most  important  property,  since  the  viscosity  which  can  be  handled  is  the 
limiting  factor  in  the  practical  exhaustibility  of  molasses. 

The  viscosity  of  molasses  increases  rapidly  as  its  temperature  decreases.  It  is  estimated3 
that  the  viscosity  at  temperatures  of  50,  45,  40°C  is  respectively  proportional  to  the  figures 
1,  2,  3.  In  other  words,  the  viscosity  of  the  molasses  is  approximately  three  times  as  high  at 
40°C  (140°F)  as  it  is  at  50°C  (122°F). 

Viscosity  increases'  equally  rapidly  with  the  brix. 

Viscosity  also  increases  with  the  proportion  of  air  entrapped  in  the  form  of  fine  bubbles 
in  the  molasses.  For  example4,  with  10%  and  20%  by  volume  of  entrapped  air,  the  viscosity 
may  be  respectively  15%  and  50%  higher  than  it  would  be  in  the  absence  of  included  air. 
It  is  thus  advisable  to  avoid  discharge  of  final  or  other  molasses  into  a  tank  in  a  fine  stream, 
as  this  discharge  entrains  air  at  the  contact  of  this  fine  stream  with  the  liquid  in  the  tank. 
Molasses  should  flow  by  an  inclined  gutter  extending  to  the  bottom  of  the  tank  which  is  to 
be  filled. 
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Storage 

Stored  between  30  and  35°C  (86  -  95°F),  molasses  would  lose  2-3%  per  year  of  its  fermen- 
table sugars5. 

If  the  temperature  of  storage  is  increased  by  10°C  (18°F),  this  loss  would  be  quadrupled. 

Molasses  stored  in  tanks  has  in  several  cases  undergone  explosive  decomposition  with  sud- 
den liberation  of  heat.  The  causes  of  this  phenomenon  have  never  been  fully  unravelled,  but 
it  has  always  followed  a  more  or  less  lengthy  period  of  heating  to  40°C  (104°F)  or  higher. 
It  is  thus  necessary  to  watch  the  molasses  in  storage  to  ensure  that  its  temperature  does  not 
attain  that  limit. 


.Quantity  of  molasses  in  manufacture 

It  is  useful  to  know  the  quantity  of  molasses  to  be  obtained  from  the  massecuite  and  syrups 
in  stock  at  the  end  of  the  week,  in  order  to  obtain  an  accurate  figure  for  sugar  lost  in 
molasses. 

In  each  of  these  products  we  may  calculate  the  quantity  of  sugar  to  be  obtained,  given  by 
(cf.  p.  839): 

s  (j  -  m) 
j  (s  -  m) 

The  corresponding  quantity  of  molasses  will  thus  be: 

M  =  1  -  sJL^l  (38.1) 
j  (s  -  m) 

and,  equating  sugar  with  sucrose: 

M  =  1  -±i=  m^A  (38.2) 
j  (s  -  m)    j  (1  -  m) 

Assuming  m  =  40,  we  have,  for  example,  for  the  several  massecuites: 

otXfU[i   4(MVWK)  - /)      2    100  -  j  2x15 
A  massecuite,  purity  =  SSfAP 4  —  —  —  =  -  •  :  —  J  =  =  12% 

~>  v  in 

B  massecuite,  purity  =  70:  M  =  28.6% 

J  x  /  o 

2  X  42 

C  massecuite,  purity  =  58:  M  -  —  —  = 

3  x  58 
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Recovery 

The  term  "boiling  house"  designates  the  whole  of  the  factory  except  the  milling  station,  that 
is  to  say,  the  total  of  clarification,  evaporation,  pan  station,  crystallisers  and  centrifugals. 

Control  of  the  milling  plant  has  been  already  discussed  in  Chap.  21,  in  which  the  main 
figure  discussed  was  the  extraction,  defined  as: 

sucrose  in  mixed  juice  %  cane 

Extraction  =  e  = 


sucrose  entering  the  mills  %  cane 


The  control  of  the  boiling  house  commences  at  the  point  where  control  of  the  milling  plant 
finishes,  that  is,  at  the  mixed  juice. 

The  efficiency  of  the  boiling  house  is  defined  in  a  manner  analogous  to  that  of  the  mill 
plant.  The  term  "boiling-house  recovery"  indicates  the  ratio  of  the  sucrose  obtained  in  the 
sugar  manufactured  to  that  entering  in  the  mixed  juice. 

ra  ....    .,                             sucrose  obtained  in  sugar  manufactured  %  cane 
Ironing-house  recovery  =  r  =  -  ■  

sucrose  in  mixed  juice  %  cane 

"Overall  recovery"  is  the  total  efficiency  of  the  factory: 

_  „  sucrose  obtained  in  sugar  manufactured  %  cane 
Overall  recovery  =  er  =    

sucrose  entering  the  mills  %  cane 

Returning  to  the  boiling  house,  it  is  seen  that  the  recovery  takes  into  account  the  following 
losses: 

Loss  of  sugar  in  filter  cake 
Loss  of  sugar  in  molasses 

Undetermined  losses  (leakages,  entrainment,  inversion,  etc.). 
Noel  Deerr's  SJM  formula 

Starting  from  a  primary  material,  which  may  be  clarified  juice,  syrup,  or  massecuite,  of  puri- 
ty;', we  recover  from  this,  sugar  of  purity  5,  in  the  ratio  of  Q  per  unit  weight  of  dry  substance 
in  the  primary  material  under  consideration;  molasses  of  purity  m  is  also  obtained.  We  shall 
equate  the  weight  of  sucrose  present  in  the  primary  material  to  the  weight  of  sucrose 
recovered  in  the  sugar  and  molasses  obtained.  Expressing  all  quantities  in  terms  of  unit 
weight  of  dry  substance  in  the  primary  material,  we  have: 

1  Xj  =  Qs  +  (1  -  Q)m 
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Hence: 


/  -  m 
/~i  __   

s  -  m 


or: 


Qs  _  s  (/^m) 
j      j  (s  -  m) 

Now: 

Qs    =  sucrose  contained  in  the  sugar  obtained 
j      =  sucrose  contained  in  the  primary  material. 
Then: 

Qs/j=  sucrose  which  should  be  extracted  from  the  juice  under  consideration  for  unit 
sucrose  contained  in  that  juice,  if  there  is  no  loss  of  sucrose  during  the  operation. 
In  other  words,  we  shall  have: 

,  =  *f "  m\  (39.1) 
j  (s  -  m) 

q   =  recovery  from  this  operation. 

Comments.  (1)  This  formula  assumes  that  true  purities  are  employed.  Deerr  comments 
that  it  may  be  considered  accurate  if  s,  j,  and  m  are  expressed  in  apparent  purities,  or  any 
other  purity,  on  condition  that  the  three  purities  are  expressed  in  the  same  manner.  However, 
this  is  not  accurate,  especially  for  apparent  purities;  hence  it  should  preferably  be  used  with 
true  purities,  or  with  gravity  purities  if  these  are  not  available. 

(2)  In  the  Philippines  it  has  been  commented  that,  in  regard  to  payment  of  growers  on 
recoverable  sugar  (and  also  for  comparison  for  cane  varieties),  it  would  be  more  accurate, 
instead  of  using  for  all  cane  a  mean  or  fixed  value  of  m,  to  replace  it  by  a  value: 

m '  =  (100  -  J)  0.4  +  K  (39.2) 

/  =  purity  of  first  expressed  juice  of  the  cane  analysed 
K  =  a  constant,  for  example,  28.57  (or  other  suitable  local  value). 
This  comment  appears  logical. 
For  example,  with  K  =  33: 

(a)  J  =  88,  m '  =  (0.4  x  12)  +  33  =  37.8 

(b)  J  =  82,  m  '  =  (0.4  X  18)  +  33  =  40.2 


(3)  The  value  of  Q  above  represents  the  dry  substance  in  sugar  %  dry  substance  in  primary 
material  (syrup,  for  example).  We  have  then: 
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Dry  substance  in  sugar  %  dry  substance  in  syrup  =  (39.3) 

s  -  m 


Example. 


j  =85 
5  =  99 
m  =  40 


=  85_-_40  =s45  = 
5  -  m      99  -  40  59 


Hence  dry  substance  in  molasses  =  23.73%  of  dry  substance  in  syrup,  and  the  yield  of  sugar 
from  a  massecuite: 


e  =  J  "  5  (39.4) 

s  -  m 

B  -  brix  of  massecuite. 
Winter- Carp  formula 

Formula  (39.1)  assumes  that  there  exists  an  ideal  purity  of  molasses,  mo,  which  would 
represent  a  perfect  performance  in  the  boiling  house.  The  ideal  boiling-house  recovery  is 
then: 

60  ~  j  (s  -  wo) 

In  Java,  a  value  of  28.57  had  been  adopted  for  this  ideal  molasses  purity.  The  sucrose 
recoverable  in  percentage  then  becomes: 

eo  -  100  ^JL^l  =  100  (  1.4  -  40  !  (39.5) 
y  j  (100  -  28.57)  \  j 

This  is  the  simple  Winter -Carp  formula. 
We  may  comment  that  if  we  use  a  standard  value  of  85  for  j  in  this  formula,  it  becomes: 

e*  =  mwsJHll  ,  93% 

yc      85  (100  -  28.57) 
Influence  of  molasses  purity  on  recovery 

It  is  interesting  to  know  what  gain  could  be  expected  by  an  improvement  (that  is  to  say,  a 
decrease)  of  1  point  in  the  purity  of  the  molasses,  or  inversely  what  loss  would  be  suffered 
by  an  increase  of  1  point  in  the  molasses  purity. 
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In  eqn.  (39.1),  substituting  s  =  1,  we  have: 


i  -  j 


(39.6) 


dm 


j  (1  -  m)\ 


Taking  for  j  the  standard  value  of  85 


we  have: 


dm 


(1 


0.1765 


m)2 


For  m  =  40: 
For  m  =  30: 


de/dm  =  -  0.49 
dG/dw  =  -  0.36 


In  other  words,  one  point  in  molasses  purity  (passing  from  36  to  35,  for  example,  or  con- 
versely) corresponds  to  a  gain  or  a  loss  of  about  0.36-0.50%  in  the  recovery,  or 
0.34-0.46%  of  the  sugar  made;  say,  of  the  order  of  0.4%. 

Inversion  losses 

In  the  course  of  the  crystallisation  process  in  the  factory,  that  is,  between  the  syrup  and  the 
finished  sugar,  there  are  inevitably  losses  by  inversion.  These  depend  mainly  on  the  pH  and 
the  temperature  of  the  mother  liquor.  The  pH  of  the  massecuites,  for  example,  is  of  the  order 
of: 


Honig1  considers  that  these  losses,  by  the  nature  of  the  crystallisation  processes 
themselves,  cannot  be  less  than  0.4%  of  the  sucrose  present  in  the  syrup.  This  is  an  inevitable 
loss,  which  is  included  in  the  "undetermined  losses". 

C  massecuite  per  tonne  non-sucrose.  It  appears  that  the  quantity  of  C  massecuite  per  tonne 
of  non-sugar  in  mixed  juice  should  be  approximately  1,650  1  (non-sucrose  being  calculated 
as  refractometric  brix  minus  sucrose). 

Theoretical  recovery 

It  is  interesting  to  compare  the  actual  recovery  obtained  by  the  factory  with  the  theoretical 
recovery  which  it  should  be  able  to  obtain.  In  order  to  calculate  this,  losses  in  filter  cake  and 
undetermined  losses  are  assumed  as  zero,  since  they  are  low  and  could  theoretically  be  reduc- 
ed to  zero.  On  the  other  hand,  the  loss  in  molasses  is  substantial  (it  is  generally  the  highest 
of  the  four  losses)  and  unavoidable.  Since  the  purity  of  the  primary  material,  the  mixed  juice 
(say  j)  is  known,  and  the  purities  of  the  two  final  materials,  sugar  (5)  and  molasses  (m)  are 
also  known,  the  theoretical  recovery  is  immediately  obtained  by  the  formula  of  Deerr: 


Amassecuite:  5.8  -  6.8 
B  massecuite:  5.6-6.5 
C  massecuite:  5.5  —  6.4 
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J  (s  -  m) 

If  the  control  is  well  conducted  and  the  weights  are  accurate,  the  theoretical  recovery  r 
will  obviously  be  greater  than  the  actual  recovery  r.  The  difference  between  these  two  figures 
expresses  the  losses  incurred  apart  from  that  in  molasses. 

Basic  recovery 

It  is,  however,  equally  valuable  to  compare  the  loss  occurring  in  molasses  with  that  which 
would  have  occurred  if  it  had  been  possible  to  pursue  the  exhaustion  of  molasses  to  the  lowest 
purity  figure  obtainable.  To  express  this  we  assume  a  molasses  purity  m  of  28.57  and  a  sugar 
of  purity  s  =  100,  which  leads  us  to  the  Winter -Carp  formula: 

r   =  100  (1.4  -  ~  )  (39.8) 
\  J  i 

j    =  gravity  purity  of  the  mixed  juice. 
Equivalent  Standard  Granulated 

However,  two  factories  making  two  qualities  of  sugar  of  different  polarisations  would  not 
have  the  same  efficiency,  even  in  terms  of  sucrose,  since  it  is  much  easier  to  attain  a  given 
exhaustion  in  raw  sugar  than  in  refined  sugar,  for  example.  Deerr  has  accordingly  created 
the  idea  of  "Equivalent  Standard  Granulated"  (E.S.G.).  This  is  the  quantity  of  sucrose 
which  could  theoretically  be  obtained  from  a  sugar  of  purity  s,  assuming  always  an  ideal  puri- 
ty of  final  molasses  of  28.57.  It  thus  has  the  value: 


G  =  100  ( 1.4  T  j  (39.9) 

G  =  E.S.G. 

s    =  purity  of  the  raw  sugar  made. 
If  s  =  99,  for  example,  G  =  99.60. 

By  substituting  the  E.S.G.  for  the  sugar  actually  made,  or,  in  other  words,  by  multiplying 
the  quantity  of  sugar  made  by  G,  factories  making  sugars  of  different  quality  are  thus  put 
on  an  equal  footing. 

If  a  factory  making  sugar  of  purity  99  has  a  yield  of  12,  its  yield  in  E.S.G.  will  therefore  be: 

12  x  0.9960  =  11.952 

Recovery  E.S.G. 

Hence  we  have  the  concept  of  "recovery  E.S.G.",  which  has  the  object  of  eliminating  the 
disturbing  influence  of  the  sugar  quality,  and  does  this  by  replacing  the  yield  of  sucrose  in 
the  numerator  of  the  expression  for  recovery  r,  by  the  yield  in  E.S.G.: 
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r  =  r  x  G 

g 

Reduced  recovery  E.S.G. 

When  a  factory  is  handling  juice  of  higher  purity,  it  obtains  a  higher  recovery,  as  the  formula 
of  Deerr  shows  immediately.  The  effect  of  juice  purity  on  recovery  is  analogous  to  that  of 
fibre  on  extraction.  The  figure  "reduced  recovery" '  has  accordingly  been  established, 
analogous  to  reduced  extraction,  choosing  as  standard  purity  the  Clerget  figure  of  j  =  85. 
This  has  been  applied  as  follows: 

To  avoid  the  complication  of  handling  the  three  losses  in  the  boiling  house,  the  loss  in  filter 
cake  and  undetermined  losses  have  been  grouped  with  the  molasses  loss,  by  calculating  a  fic- 
titious molasses  purity  under  the  term  "virtual  purity"  (v),  which  itself  would  give  the 
recovery  E.S.G.  obtained  (>")if  the  other  losses  were  nil.  In  this  case  we  would  have: 

-       100^'-V)X100  (39.10) 


j  (100  -  v) 


whence: 


100/  (100  -  r) 

v  =  (39.11) 

10,000  -  jrg 

The  recovery  which  would  have  been  obtained  with  this  virtual  molasses  purity  v  and  a 
juice  purity  at  the  standard  value  of  85  would  be: 

r,5ND=  100  x  100  (85  -   V)  (39.12) 
*SND  85  (100 -v) 


or,  replacing  v  by  its  value  (eqn.  (39.11)): 


3 j  (100  -  Q 
17  (100  -  j) 


W  =  100  -   £  (39.13) 


This  is  the  expression  which  the  ISSCT  had  adopted  as  international  comparison  for 
recovery  figures. 

Comments.  The  concept  of  virtual  purity  is  not  useful  for  deriving  this  formula  (39.13). 
It  is  simpler  to  work  as  follows:  Let: 
r.  =  recovery  of  cane  obtained  with  purity  j 
rg5  =  recovery  of  cane  obtained  with  purity  85. 

In  order  that  these  two  recovery  figures  should  agree,  we  write  that  they  should  give  the 
same  yield  of  sucrose  lost  %  non-sucrose  in  mixed  juice: 

QBj{\  -  r)  J  (1  -  r) 
QB{1  -  j)  1  -  j 
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Q  =  weight  of  mixed  juice  %  cane 
B  =  brix  of  mixed  juice 
j    =  purity  of  mixed  juice. 
We  have  then: 

jJLUl  =  85  (1  "  r85> 
1  -j  15 

Hence: 

r    =  1  —   J— 

85  17  (i  -  j) 


Reduced  recovery  E.S.G.  Gundu  Rao 

The  formula  of  Noel  Deerr  has  been  criticized  because  the  correction  takes  into  consideration 
all  clarification  and  boiling  house  losses,  while  the  loss  in  final  molasses  is  the  only  one  in- 
fluenced by  the  juice  purity.  Gundu  Rao,  desirous  of  correcting  this  deficiency,  separated 
the  loss  in  final  molasses  from  the  other  losses  and  stated  that  only  the  former  had  to  be  cor- 
rected and  brought  down  to  the  value  it  should  have  been  if  the  juice  purity  had  been  85. 
Let  rg5GR  be  the  reduced  recovery  so  required.  The  total  boiling  house  losses  are: 

T=  100  -  £ 

rg  =  actual  boiling  house  recovery,  ESG. 
They  include: 

(a)  The  loss  in  final  molasses: 

H     100  (J  -  M) 

a  =  100  -  100  

7(100  -  M) 

(b)  The  other  losses  (in  filter  cake,  undetermined  etc.): 

b=  T-a=  ioo -r  -  fioo-  mW0(J~M)\ 

g       \  7(100  -  M)J 

We  will  reduce  the  first  formula  to  the  value  a  '  which  it  would  have  had  if  the  juice  purity 
had  been  85.  We  have  then: 

'ho*  =  100  -  (b  +  a') 


rS5GR    =    -GO  " 


"(' 
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whence: 

_     100  (J  ~  M)  ,    im  100  (85  -  M) 


"mGS       s  J(100-M)     '    ^85  (100  -  M) 


100  M    85  -  / 
W  „  rg  +   w "  (  4) 


The  Reduced  Recovery  ESG  Gundu  Rao  is  an  improvement  on  the  Reduced  Recovery  ESG 
Noel  Deerr  since  it  takes  into  account  only  the  final  molasses  loss,  which  is  the  only  loss  in- 
fluenced by  the  juice  purity.  It  has  been  criticized,  however,  for  taking  into  account  the  whole 
of  the  non-sucrose  contained  in  the  juice  (100  -  J),  while  only  the  non-sucrose  remaining 
in  the  molasses  should  be  considered.  Another  shortcoming  proceeds  from  using  the  gravity 
purity  M  of  these  molasses  which  is  very  different  from  the  true  purity  Af' . 

Let  us  try  to  find  the  proportion  of  non-sucrose  left  in  the  final  molasses.  The  respective 
amounts  are: 

In  final  molasses:  NSm  =,yBm  ,(100  -  M) 

In  juice:  NS.  =  qB.  (100  -  J) 

On  account  of  the  difference  between  the  refractometric  Brix  Bm  and  the  actual  dry  solids 
DS  of  the  molasses,  it  is  advisable  to  replace  B  by  DS.  IfDS  has  not  been  determined, 
one  can  merely  use  the  close  approximation  DSm  ~  0.96  Bm.  Similarly  the  molasses  gravity 
purity  M  should  be  substituted  for  the  true  purity  M',  or,  if  M '  is  unknown,  M  should  be 
multiplied  by  1.2:  M'  =  1.2M.  The  proportion  of  non-sucrose  is  then: 

yDS   (100  -  Af')  0.96/5  (100  -  \.2M) 

Accurate:  X  =   ~  =    — 

qBj  (100  -  J)  "  qB.  (100  -  /) 

X  =  ratio  of  final  molasses  non-sucrose  to  mixed  juice  non-sucrose 

y  =  weight  of  final  molasses  %  cane 

q  =  weight  of  mixed  juice  %  cane 

B  =  refractometric  Brix  of  final  molasses 

m 

DS  =  dry  solids  %  final  molasses 

B  =  refractometric  Brix  of  mixed  juice 

M  =  gravity  purity  of  final  molasses 

M'  =  true  purity  of  final  molasses 

/  =  gravity  purity  of  mixed  juice. 
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Whence: 

100  a/'     85  -  /  yDsnw  -  M') 


r       =  v  + 

H5GR  g 


100  -  M       185  J       qB.  (100  -  /) 
100M'(85  -  7)yDS 


(39.15) 


*'  +    0.85/(100  -  J)  qB 


j 


To,™  -  r 


120M         85  -/    0.96yBm  (100-  1.2M) 


kgr       t      ioo  -  \.2M     0.85/  qB  (100  -  /) 


115Af  (85  -  J)  yB, 

r  + 


(39.16) 


m 


0.85/(100  -  /;  qB 


j 


As  this  is  the  boiling  house  efficiency  which  must  be  assessed,  we  must  start  from  the  mixed 
juice  and  not  from  the  clear  juice,  since  the  purity  and  dry  solids  of  the  latter  have  already 
benefited  from  the  quality  of  the  clarification. 

ISSCT  rules  imply  the  factor  100  instead  of  120  in  formula  (39.16).  The  factor  115  is  an 
approximation,  but  leads  to  a  more  realistic  result. 

Example.  Let:  r  =  90,  q  =  100,  y  =  3,  M  =  38,  Bm  =  85,  DSm  =  81.6,  /  ^  88,  Bj  = 
14,  M'  =  45. 


IOO  y  45  rSS  -  RS\     1  y  ill  fi 
r  on  —  "    on  —    R7  ■?7 

S5G«  0.85  x  88  x  12      100  x  14 


rKn   =  90  -    .  =  90  -  2.66  =  87.34 

%5GR  0.85  x  88  x  12      100  x  14 

These  figures  show  the  error  which  would  have  been  made  in  the  correction  if  the  gravity 
purity  had  been  used  instead  of  the  true  purity,  since  the  115  factor  would  be  replaced  by  100. 

The  non-sucrose  fraction  for  the  final  molasses  is  around  0.8  in  ordinary  defecation.  With 
sulphitation  and  especially  carbonatation,  it  would  come  down  to  0.65,  0.60  or  even  0.50^ 

General  reduced  recovery,  E.S.G. 

This  has  the  value: 

R  =en%  x  r85CK  (39.17) 

This  expression  takes  into  account  all  the  factors  which  are  liable  to  affect  the  true  overall 
recovery  of  a  sugar  factory:  fibre  in  cane,  purity  of  juice,  quality  of  sugar.  The  only  item 
which  it  does  not  take  into  account  in  the  particular  composition  of  the  impurities,  and  this 
must  be  taken  into  consideration  as  qualifying  the  remark  just  made. 
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Boiling-house  performance 

This  figure  as  a  criterion  of  efficiency  is  obtained  by  expressing  recovery  E.S.G.  (eqn. 
(39.10))  as  a  fraction  of  basic  recovery  (39.8).  The  latter  figure  depends  on  the  purity  of  juice, 
and  thus  on  the  proportion  of  non-sugars.  The  boiling-house  performance  has  been  criticised 
in  South  Africa2  as  not  taking  into  account  the  composition  of  this  non-sugar,  which  can 
have  a  marked  influence  on  the  boiling-house  result,  and  that  country  has  accordingly  decid- 
ed to  discontinue  use  of  the  expression. 

Non-sucrose 

In  addition  to  checking  the  sucrose  throughout  the  manufacture,  it  is  interesting  to  follow 
the  non-sugar,  from  the  quantity  introduced  with  the  mixed  juice. 

In  South  Africa,  for  example,  Douwes  Dekker  has  introduced  accounting  of  the  non-sugar 
in  the  mutual  control  of  the  various  factories  and  draws  interesting  conclusions  from  it.3 

Non-sucrose  is  defined  as  the  difference  between  the  brix  and  the  sucrose  (or  the  pol),  per 
100  of  brix. 

During  the  manufacture,  the  non-sucrose  undergoes  the  following  changes: 

(a)  Part  is  eliminated  in  the  clarification. 

(b)  During  the  clarification,  on  the  other  hand,  an  excess  of  lime  or  other  material  in- 
troduced for  treating  the  juice  or  the  syrup  leads  to  an  increase  in  the  proportion  of  non- 
sugar. 

(c)  During  the  clarification  and  the  concentration,  inversion  tends  to  increase  the  non- 
sucrose  at  the  expense  of  the  sucrose.  However,  due  to  excess  alkalinity,  particularly  during 
the  pre-liming,  a  certain  proportion  of  reducing  sugars  (and  hence  of  non-sucrose)  may  be 
destroyed,  and  part  of  this  may  moreover  be  eliminated. 

If  finally  the  quantity  of  non-sucrose  leaving  the  factory  in  sugar  and  molasses  is  assessed, 
Douwes  Dekker  considers  that  it  would  normally  represent,  in  South  Africa,  81%  of  the  non- 
sucrose  present  in  mixed  juice.  A  lower  value  would  generally  indicate  effective  control  of 
manufacture.  A  higher  figure  would  indicate  excess  lime,  inversion,  and,  particularly,  excess 
recirculation  or  remelting  in  the  boiling  system  adopted. 

Comparison  of  this  ratio  with  losses  in  filter  cake,  molasses,  and  undetermined  losses  may 
allow  one  to  detect  whether  bad  work  in  the  boiling  house  is  due  to  inversion,  or  to  a  too 
high  purity  of  the  molasses.  It  may  be  considered  that  the  losses  in  molasses  are  proportional 
to  this  ratio.  By  reducing  this  ratio  from  90  to  81%,  for  example,  a  loss  of  9  in  molasses 
may  be  reduced  to  8.1. 

These  values  correspond  to  gravimetric  brix;  they  would  be  different  if  the  brix  were  deter- 
mined by  refractometer. 

It  is  found  in  South  Africa4  that,  considering  the  ratio  of  total  non-sugars  in  molasses  and 
sugars  to  non-sugars  in  clarified  juice,  and  considering  only  those  factories  utilising  refrac- 
tometric  brix,  the  ratio  is  approximately  0.83. 

Assessment  of  non-sucrose  leaving  is  particularly  useful  when  the  weight  of  molasses  is 
known  accurately.  If  the  weight  of  molasses  for  example  is  too  high,  an  exaggerated  figure 
will  be  found  for  non-sucrose  leaving;  from  this  an  error  in  the  value  of  undetermined  losses 
may  be  detected:  if  these  are  low,  it  is  because  the  figure  for  weight  of  molasses  is  too  high. 
We  have  here  also  a  means  of  seeing  whether  excessive  undetermined  losses  are  due  to  en- 
trainment  or  to  inversion. 
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Brix  balance 

In  the  same  way,  a  brix  balance  may  be  made,  from  mixed  juice  to  sugar  and  molasses. 
Reducing-sugar  balance 

It  is  useful  to  work  out  a  reducing-sugar  balance,  as  for  non-sucrose  and  brix  balances. 

If  the  reducing  sugars  in  mixed  juice  are  taken  as  equal  to  100,  Douwes  Dekker5  considers 
that,  since  some  is  always  decomposed  in  the  course  of  lime  addition,  there  will  remain 
90  -  95  in  the  clarified  juice.  On  the  other  hand,  some  reducing  sugars  are  formed  during  the 
evaporation,  and  the  figure  will  thus  increase  to  92  or  97.  During  the  sugar  boiling,  reducing 
sugars  are  both  formed  and  destroyed.  Finally,  the  quantity  of  reducing  sugars  in  molasses 
is  generally  higher  than  in  clarified  juice,  but  Douwes  Dekker  considers  that  it  should  not 
be  higher  than  in  mixed  juice. 

High  undetermined  losses,  combined  with  high  figures  for  non-sucrose  leaving  and  for 
reducing  sugars  leaving,  indicate  high  losses  by  inversion. 

However,  since  95  parts  of  sucrose  give  100  of  invert  sugar,  inversion  increases  the  undeter- 
mined losses  of  sucrose  but  decreases  the  undetermined  losses  of  brix. 

Standard  control  system  for  the  sugar  factory 

We  give  below  the  method  of  calculation  for  factory  control  according  to  the  recommenda- 
tions of  the  International  Society  of  Sugar  Cane  Technologists. 


Data 


Brix  Pol          Sucrose      Apparent       Gravity       Moisture  Suspended 

purity         purity  material 

Primary  juice  S,  t' 

2nd-mill  juice  52 

Residual  juice  p 

Mixed  juice                   B  Sm              t  f  f 

Final  molasses  z  m 

Final  bagasse  u  h 

Filter  cake  v 

Raw  sugar  $ 


Weight         %  on  cane 

Cane  crushed  C  100 

Mixed  juice  obtained  Q  q 

Imbibition  water  used  W  w 

Weight  of  filter  cake  X 

Weight  of  finaJ  molasses  Y 

Sucrose  lost  in  molasses  %  cane  E 

Sucrose  recovered  "Jo  cane  Z 
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Calculation  of  material  balance  for  week  (or  season)  by  weights  of  cane  and  products. 


1.  Corrected  weight  of  mixed  juice: 

2.  Brix  %  bagasse: 

3.  fibre  %  bagasse: 

4.  Bagasse  produced: 

5.  Bagasse  %  cane: 

6.  Fibre  in  bagasse  %  cane: 

7.  Fibre  leaving  mills: 

8.  Brix  passing  into  mixed  juice: 

9.  Fibre  in  cane: 

10.  Fibre  %  cane: 

11.  Imbibition  %  fibre: 

12.  Sucrose  in  bagasse: 

13.  Brix  lost  in  bagasse: 

14.  Sucrose  in  mixed  juice: 

15.  Brix  in  mixed  juice: 

16.  Sucrose  in  cane: 

17.  Absolute  juice: 

18.  Sucrose  %  absolute  juice: 

19.  Brix  of  absolute  juice: 


Total  weight 

M0O_-  /' 


%  on  cane 


Q'  =  Q 


F' 
F 


U 
N 

T 
M 
R 


100 


n  =100 


8  = 


P    =  C  +  W  -  Q 


Cfo 
100 

100 


100 


=  Fi  +  F' 


Pu 

Tod 


=  p 

=  Q' 
-  Q' 

=  T  +  U 


n 
100 
t 

Too 

B 

Too 


A    =  C  -  F 


P 

100  -  h 


n 


b     =  100 


/o  = 


C 

bg_  =  Pg 

Too  c 


f  =100- 


100 


c 
w 
T 


I     =  100 


a     =  100 


M  +  N 


20.  Purity  of  absolute  juice: 


100 
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21.  Absolute  juice  extracted:  J 

22.  Absolute  juice  extracted  %  cane: 

23.  Mixed  juice  (corrected)  %  cane: 

24.  Dilution  %  cane: 

25.  Imbibition  water  in  bagasse  %  cane: 

26.  Sucrose  %  cane: 

27.  Sucrose  (or  pol)  in  cake: 

28.  Sucrose  in  molasses: 
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100 


a 


Yz 
100 


q 

d 


=  100 
=  100 


c 
c 


=  Q 


w  -  d 
R 


E  = 


=  100 

i 

Xv 

Too 

Yz 


100C 


Mills 


29.  Sucrose  extracted  %  cane: 


30.  Sucrose  in  bagasse  %  cane: 


31.  Extraction: 


32.  Reduced-extraction  Mittal  Rein: 


33.  Milling  loss  (sucrose/fibre): 


34.  Extraction  coefficient: 


35.  First- mill  extraction: 


36.  Molasses  index: 


100 


Boiling  house 

37.  Recovery: 


C 


100 


u 
c 


"12.5,  12.5 


=  100 


=  iv00  - 
R 

12.5  (100  -  e 


100 


/ 

100  - 

S 

100  -e 


)  (l2.s) 


e\  = 


(Si  -"  S2)  Sm 
100£ 


100- - c 

J 


100 
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38.  Theoretical  recovery:  ~--  ~  m^  x  100 

j  (s  -  m) 

I.         40  \ 

39.  Basic  recovery:  L  =   100   11.4  -   j 

v  J  ' 

40.  Equivalent  Standard  Granulated:  G  =   100  (l.4  -  4~  j 

41.  Yield  E.S.G.:  H  =  — 

100 

42.  Recovery  E.S.G.:  ^=100  — 


43.  Reduced  recovery  E.S.G.:  r„,  =  K 


c 

115  m  (85  -  j)  yBn 


0.85  j  (100  -  j)  qB 


44.  Boiling-house  efficiency:  100  — 
Overall  performance 

45.  Overall-recovery  E.S.G. :  100  H- 


46.  Reduced  overall-recovery  E.S.G. 


p  x  r 

12.5,  12.5  85 

1UU 


^.5.  The  Rein  correction  in  the  Mittal  reduced  extraction  (No.  32)  and  our  corrected  Gun- 
du  Rao  formula  (No.  43)  are  still  not  included  in  the  ISSCT  recommendation,  but  appear 
logical  and  desirable. 
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40.  Vacuum  Equipment 


The  multiple  effect  and  the  pans  in  a  sugar  factory  operate  under  vacuum.  Suitable  equip- 
ment to  produce  this  vacuum  is  therefore  required. 

The  commonest  arrangement  of  this  equipment  is  as  shown  in  Fig.  40.1.  With  the  aid  of 
an  air  pump,  vacuum  is  produced  in  an  enclosed  vessel  called  a  condenser,  which  com- 
municates with  the  vessels  to  be  maintained  under  vacuum.  Cold  water  is  pumped  into  this 
condenser  to  ensure  condensation  of  the  vapour  coming  from  the  pans  or  from  the  multiple 
effect.  The  condenser  is  placed  at  such  a  height  that  the  water,  after  serving  to  condense  the 
vapour,  can  flow  out  by  gravity  together  with  the  condensed  vapour.  The  condenser  is  thus 
a  barometric  chamber,  extended  at  the  bottom  by  a  barometric  column  dipping  into  a  well 
open  to  atmosphere.  Since  the  vacuum  approaches  within  10  or  20%  of  perfect  vacuum,  and 
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Fig.40.1.  Vacuum  system. 
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since  the  liquid  in  the  barometer  is  water  (and  not  mercury),  the  height  of  the  column  should 
be  of  the  order  of  10  m  (instead  of  76  cm): 

0.76  mX  13.6=  10.33  m 

where  13.6  =  density  of  mercury  relative  to  water. 

When  cold  water  is  not  available  in  sufficient  quantity,  the  warm  water  leaving  the  column 
is  pumped  to  a  cooling  pond,  from  which  it  returns  at  a  lower  temperature,  and  is  returned 
to  the  condenser  as  cooling  water,  and  so  describes  a  closed  cycle. 

VACUUM  SYSTEMS 

The  vacuum  installation  in  a  sugar  factory  may  be  more  or  less  complex. 

(1)  Central  condenser  and  air  pump 

The  simplest  system  consists  of  centralising  the  whole  installation  at  one  point  or  in  one  part 
of  the  factory.  We  have  then  a  single  air  pump,  a  single  pump  for  cold  water,  and  a  single 
condenser  for  the  whole  factory.  We  have  seen  (p.  685)  the  drawbacks  of  this  system,  but 
also  have  indicated  (p.  686)  that  there  are  cases  where  it  may  be  advantageous. 

(2)  Individual  condenser  and  air  pump 

Many  factories,  with  good  reason,  prefer  to  provide  a  vacuum  installation  for  each  vessel 
to  be  served:  one  for  the  multiple  effect,  and  one  for  each  vacuum  pan.  Sometimes,  however, 
two  or  three  pans  may  be  served  by  the  one  installation. 

(3)  Individual  condenser  with  central  air  pump 

Another  method  is  to  provide  as  many  individual  condensers  and  barometric  columns  as 
desired,  and  to  connect  the  several  condensers  to  a  single  central  air  pump. 

In  this  case,  if  it  is  necessary  to  regulate  the  vacuum  in  the  several  condensers  separately, 
it  is  necessary: 

(a)  That  the  air  pump  should  work  at  a  vacuum  higher  than  the  highest  vacuum  sought 
in  the  various  condensers  and  other  vessels  concerned. 

(b)  That  the  various  condensers  should  be  connected  to  the  pump  by  air  piping  of  cross- 
section  no  larger  than  necessary. 

(c)  That  each  of  these  connecting  pipes  should  be  provided  with  a  valve  the  section  of 
which  should  advantageously  be  somewhat  smaller  than  that  of  the  pipe  and  which  will  serve 
to  regulate  the  vacuum  in  the  condenser  concerned.  For  a  fine  and  more  stable  control,  a 
by-pass  may  also  be  installed  around  this  valve,  with  an  auxiliary  valve  of  even  smaller  sec- 
tion. 

(oO  It  is  also  wise  to  install  a  connection  with  a  valve  between  the  air  pipe  from  the  con- 
densers which  normally  operate  at  lower  vacua  and  the  vapour  entry  from  the  condensers 
operating  under  higher  vacuum,  which  are  served  by  air  piping  of  larger  cross-section. 
Although  normally  closed,  this  connection  can  be  very  useful  in  the  case  of  abnormal  entry 
of  air  into  the  former  condensers  (Fig.  40.2). 
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Fig.  40.2.  Connection  of  individual  condensers. 


General  values  of  the  vacuum 

It  is  possible  to  obtain  industrially  very  high  vacua,  exceeding  75  cm  (29j  in.)  for  a  barometric 
pressure  of  76  cm  (30  in.).  However,  in  the  sugar  factory,  the  vacuum  sought  or  found  in 
practice  varies  between  60  and  68  cm,  and  generally  between  63  and  66  cm. 

If  the  factory  is  located  at  an  appreciable  altitude,  the  foregoing  values  should  be 
multiplied  by  the  ratio  H/16  of  the  local  barometric  height  to  the  normal  height. 

Evacuation  of  air 

Vacuum  can  only  be  maintained  by  continual  removal  of  the  air  mixed  with  the  vapour  and 
due  particularly  to  the  inevitable  leaks  existing  in  the  vessels  and  the  piping.  If  evacuation 
of  this  air  ceased,  the  air  would  accumulate,  and  the  vacuum  would  fall  rapidly  in  spite  of 
the  condensation  of  the  vapour. 

To  this  air,  originating  from  leakages  and  various  other  sources  which  we  shall  see  later 
(p.  868),  is  added  moreover  other  incondensable  gases  originating  in  the  juice.  We  speak  of 
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the  mixture  (air  +  other  incondensables  gases)  by  designating  it  sometimes  "inconden- 
sables",  sometimes  "air".  We  shall  employ  the  latter  term,  on  the  understanding  that  it  ap- 
plies to  all  the  incondensable  gases  accompanying  the  vapour  reaching  the  condenser.  This 
moreover  is  more  legitimate  in  the  cane  sugar  factory,  since  air  supplies  practically  the  whole 
of  the  incondensable  gases,  generally  98-99%. 
We  shall  study  in  turn: 

(1)  The  condenser,  or  the  apparatus  for  effecting  condensation  of  the  vapour. 

(2)  The  air  pump,  which  ensures  removal  of  the  air. 

(3)  The  barometric  column,  by  which  the  cooling  water,  together  with  the  condensed  vapour, 
is  discharged. 

(4)  The  water  pumps  injecting  cold  water  into  the  condenser,  or  returning  warm  water  to  the 
cooling  system. 

(5)  The  cooling  system  which  completes  the  water  cycle  by  removing  from  it  the  heat  which 
it  has  picked  up  in  the  condenser. 


The  condenser  is  the  closed  vessel  in  which  the  contact  between  the  vapour  to  be  condensed 
and  the  cooling  water  is  effected. 

Several  types  of  condenser  are  distinguished: 
(1)  From  the  point  of  view  of  the  means  of  extraction  of  the  air: 

(a)  Wet  air  condensers,  where  the  mixed  air  and  water  are  extracted  together. 


(b)  Dry  air  condensers,  where  the  water  and  the  air  are  removed  separately  (Figs.  40.4  -  6, 
40.8). 
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Fig.  40.3.  Dry  air  parallel-current  condenser. 


Fig.  40.4.  Dry  air  counter-current  condenser. 
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40.7.  Wet  air  parallel-current  condenser  (jet  condenser). 


Fig.  40.8.  Dry  air  parallel-current  condenser. 
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(2)  From  the  point  of  view  of  the  means  of  extraction  of  the  water: 

(a)  Short  condensers,  with  extraction  by  a  pump  (Fig.  40.5). 

(b)  Long  or  barometric  condensers,  with  removal  of  water  by  gravity  (Fig.  40.6). 

(3)  From  the  point  of  view  of  the  method  of  air  circulation: 

(a)  Co-current  condensers,  sometimes  wrongly  called  parallel  current  condensers,  in  which 
water  and  air  circulate  in  the  same  direction  (Figs.  40.3,  40.7  and  40.8). 

(b)  Counter-current  condensers,  in  which  water  and  air  circulate  in  opposite  directions 
(Figs.  40.4  —  6).  A  counter-current  condenser  is  obviously  a  dry  air  condenser. 

The  types  encountered  almost  exclusively  at  the  present  day  in  the  sugar  factory  are  the 
following: 

(a)  Dry  air,  counter-current,  barometric  condensers 

(b)  Dry  air,  co-current,  barometric  condensers 

(c)  Wet  air,  co-current,  barometric  condensers  without  air  pump  (jet  condensers). 

We  shall  pay  attention  more  particularly  to  the  dry  air  counter-current  barometric  con- 
denser, which  is  the  general  type.  We  shall  compare  it  with  the  co-current  condenser,  and 
shall  examine  separately  jet  condensers,  which  are  wet  air  co-current,  barometric  condensers. 
We  shall  mention  briefly  certain  interesting  special  types,  and  shall  omit  consideration  of  ob- 
solete types  or  those  which  are  not  of  practical  interest. 

Height  of  the  condenser 

The  condenser  is  a  device  for  exchange  of  heat  between  vapour  and  cold  water.  The  exchange 
will  be  the  more  complete  as  contact  between  these  two  fluids  is  more  intimate.  Thus  the 
result  will  depend  on  the  surface  offered  by  the  water  and  on  the  time  of  contact.  The  area 
of  contact  depends  on  the  course  of  the  water,  and  on  its  degree  of  subdivision.  The  time 
of  contact  depends  mainly  on  the  height  of  the  condenser  and  the  number  of  stages  or  of 
baffles  provided  to  break  up  the  fall  of  the  water  into  numerous  small  streams.  At  each  such 
baffle,  the  molecules  at  the  surface  are  replaced,  and  heat  exchange  is  thus  improved. 
However,  the  interval  between  baffles  is  limited  by  the  necessity  of  allowing  an  adequate  area 
for  the  passage  of  vapour.  Hence,  for  a  given  method  of  breaking  up  the  water,  the  height 
of  the  body  of  the  condenser  must  exceed  a  certain  minimum,  to  obtain  an  adequate  efficien- 
cy of  heat  exchange.  Deerr1  gives: 

H  =  4.50  m  (15  ft.)  for  a  condenser  without  baffles. 

H  =  3.65  m  (12  ft.)  for  a  condenser  with  4  baffles,  this  number  of  baffles  being  considered 
sufficient  and  optimum. 

Hausbrand2  gives  the  figures  reproduced  in  Table  40.1. 

The  figures  for  the  last  line  of  this  Table  are  given  for  5  or  6  baffles,  and  are  measured 
from  the  top  plate  for  distribution  of  the  descending  water,  in  the  interior  of  the  condenser. 

We  may  estimate,  in  a  counter-current  condenser,  for  total  height  of  the  body,  between 
the  cold  water  entry  and  the  top  of  the  barometric  column,  for  4  to  6  baffles,  the  heights 
given  in  Table  40.2. 
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TABLE  40.1 

HEIGHT  OF  BODY  OF  CONDENSERS 


Counter-current  wet  air  condensers  to  handle  300-3,000  kg  (650-6,500  lb.)  vapour  per  hour: 

Without  baffles    H  =   1      -1.8    m  ( 3  -  6  ft.) 

With  1  baffle       H  =  1      -1.8    m  (  3-  6  ft.) 

With  2  baffles      H  =  1.25-2.25  m  (  4-  7.5  ft.) 
Counter-current  dry  air  condensers  to  handle  300-  12,000  kg/h  (650-26,500  lb.)  vapour  per  hour: 

Without  baffles    H  =  3      m  (10  ft.)  at  least 

With  baffles       H=2.4  -3.6  m(8-12  ft.) 


TABLE  40.2 

HEIGHT  OF  CONDENSER  BODIES  FOR  NORMAL  COUNTER-CURRENT  CONDENSERS 


Capacity,  kg  vapour/h             500  5,000  20,000  100,000 

lb.  vapour/h  1,100  11,000  44,000  220,000 

H(m)                                     1.5  2.5  3  6 

(ft.)                                     5  8  10  20 


or  approximately  2.5  —  3  m  (8-  10  ft.)  for  the  normal  capacities  in  the  sugar  factory. 
Cross-section  of  the  condenser 

Whereas  the  height  of  the  condenser  varies  only  slightly  with  the  capacity  in  terms  of  vapour 
to  be  condensed  (approximately  as  the  cube  root,  if  we  choose  the  last  figures  given),  the 
cross-section  will  depend  directly  on  the  quantity  of  vapour  to  be  condensed. 

Deerr1  indicates:  S  =  0.16  mVtonne  (1.7  sq.ft. /ton)  vapour  to  be  condensed  per  hour, 
where  S  =  horizontal  cross-section  of  the  body  of  the  condenser. 

Hausbrand3  gives  the  figures  of  Table  40.3. 

TABLE  40.3 

CROSS-SECTION  OF  CONDENSER  BODY  FOR  SMALL  CAPACITIES 


Vapour  to  be  Diameter  of  body 
condensed   


(kg/h) 

(Ib./h) 

Without 

bajfles 

With 

baffles 

(mm) 

(in.) 

(mm) 

(in.) 

300 

650 

400 

16 

500 

20 

1,000 

2,200 

550 

22 

600 

24 

2,000 

4,400 

700 

28 

775 

30 

Condenser  volume 

Condenser  capacity  has  also  been  related  to  volume,  the  latter  being  reckoned  as  that  of  the 
cylindrical  portion  only,  neglecting  the  upper  and  lower  conical  portions. 

Strauss33  recommends  a  volume  of  0.75  m3/l,000  kg  (12  cu.ft.  per  1,000  lb.)  of  vapour 
per  hour.  Stewart3b,  however,  has  determined  experimentally  that  0.6  m3/ 1,000  kg  (10 
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cu. ft./ 1,000  lb.)  per  h  was  sufficient  in  most  cases  and  that,  in  two  designs,  0.4  and  0.3 
m VI, 000  kg  (6.3  and  4.4  cu.ft./l,000  lb.)  per  h  was  adequate.  The  most  efficient  designs 
are  those  of  "rain"  type,  e.g.  with  water  falling  from  the  top  from  a  plate  pierced  with  3,308 
1.3-cm  (i-in.)  holes  and  a  38-cm  (15-in.)  central  hole,  above  a  small  plate,  for  a  condenser 
2.4  m  (8  ft.)  in  diameter;  or  alternatively  an  ordinary  condenser  with  holes  in  its  plates  and 
annular  baffles. 

A  "barrel  volume"  has  accordingly  been  recommended  in  Australia3e  of  0.5  m VI, 000  kg 
(8  cu. ft. /1, 000  lb.)  of  vapour  to  be  condensed  per  hour  for  the  rain  type,  and  0.6  m VI, 000 
kg  (10  cu.ft./l,000  lb.)  per  h  for  the  design  with  baffles. 

It  is  stated3d  that  the  condensation  takes  place  mainly  on  the  wall  of  the  condenser,  and 
thus  it  is  of  advantage  for  part  of  the  water  flow  to  be  discharged  down  the  wall  of  the  con- 
denser. The  outlet  pipe  for  the  air  should  be  placed  in  the  axis  of  the  condenser. 

The  cone  at  the  bottom  of  the  barrel  should  have  a  slope  of  70°  to  the  horizontal.  Accor- 
ding to  Ziegler3e,  this  arrangement  discharges  twice  as  much  water  as  a  30°  slope. 

Size  of  vapour  pipe 

Strictly  speaking,  the  cross-section  of  the  vapour  pipe  which  carries  the  vapour  from  the 
vessel  or  vessels  served  to  the  condenser  depends  on  the  absolute  pressure  of  the  vapour,  that 
is  on  the  vacuum. 
However: 

(1)  The  vacuum,  in  the  sugar  factory,  varies  only  between  rather  narrow  limits. 

(2)  If  we  allow  for  a  certain  pressure  drop,  expressed  as  percentage  of  the  vapour  pressure, 
this  will  give  vapour  velocities  which  are  greater  at  lower  absolute  pressures  (cf.  p.  513).  Con- 
sequently, when  the  vacuum  varies,  if  it  increases  for  example,  the  decrease  in  density  of  the 
vapour  is  compensated,  to  a  certain  extent,  by  the  increase  in  the  velocity.  It  follows  that 
the  throughput  of  the  pipe  in  weight  of  vapour  decreases  only  slowly  as  the  vacuum  increases. 
For  example,  we  could  use  the  velocities  given  in  Table  40.4. 

TABLE  40.4 


VARIATION  OF  VAPOUR  VELOCITY  WITH  PRESSURE 


Vacuum  H 

Normal 

vapour 

Density  of 

Product 

velocity  V 

vapour  d 

(an)  (in.) 

(m/s) 

(ft./s) 

(kg/m*)  (Ib./cu.ft.) 

V  x  d 

60  24 

45 

150 

0.140  0.0087 

6.3  1.3 

65  26 

50 

165 

0.100  0.0062 

5  1 

70  28 

65 

210 

0.056  0.0035 

3.6  0.74 

It  would  therefore  generally  be  sufficient  to  design  the  vapour  pipe  for  a  velocity  of  50 
m/s  (165  ft./s)  at  a  vacuum  of  65  cm  (26  in.),  The  specific  weight  is  then  0.1,  and  it  may 
be  readily  calculated  that  the  pipe  will  still  supply  the  same  weight  of  vapour  at  a  vacuum 
of  70  cm  (28  in.)  and  at  the  velocity,  still  permissible,  of  90  m/s  (300  ft./s). 

The  velocities  given  in  Table  40.5  may  in  fact  be  approached  without  great  disadvantage. 
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TABLE  40.5 

MAXIMUM  VELOCITIES  PERMISSIBLE  FOR  VAPOUR  UNDER  VACUUM 


Vacuum 
( cm)  (in.) 

Max. 

m 

velocity 

{it. Is) 

55 

21.7 

70 

230 

60 

23.6 

80 

262 

62 

24.4 

85 

279 

63 

24.8 

88 

289 

64 

25.2 

92 

302 

65 

25.6 

95 

312 

66 

26 

100 

328 

68 

26.8 

110 

361 

70 

27.6 

120 

394 

In  Australia,  it  is  recommended  that  the  vapour  pipe  cross-section  should  be  designed  to 
give  a  vapour  velocity  of  60  m/s  (200  ft./s)  or  lower.  It  is  considered  that  the  diameter  of 
the  condenser  need  not  be  greater  than  that  of  the  vapour  entry. 

Example.  It  is  required  to  provide,  with  a  vacuum  of  65  cm  (25.6  in.),  for  a  flow  of  14,400 
kg  (28,800  lb.)  of  vapour  per  hour.  It  is  required  to  determine  the  diameter  of  the  vapour 
pipe  passing  to  the  condenser. 

We  have: 

Flow  of  vapour: 

14  400 

e  ■  im  - 4  kg/s  (8-° lbys) 

Volume  of  vapour  (specific  weight  =  0.10  kg/m3  (0.0062  lb./cu.ft.)): 

v  =       =  40  mVs  (1,290  cu.  ft./s) 
Cross-section  of  pipe  for  a  velocity  of  500  dm/s  (165  ft./s): 

s  =  12  =  0.8  m2  (7.8  sq.ft.) 

Diameter  of  pipe: 

D  =     —  =  1  m  (3.2  ft.) 

Basing  the  figures  on  the  values  suggested  above  we  may  then  write  as  a  first  approxima- 
tion: 
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D  = 


Q 


(40.1) 
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D  =  diameter  of  the  vapour  pipe  serving  the  vessel  or  vessels,  in  dm  (ft.) 
Q  =  flow  of  vapour  from  such  vessels,  in  kg/h  (lb./h) 

Diameter  of  cooling  water  pipe 

The  cooling  water  may  be  supplied  by  gravity  or  may  be  supplied  by  a  pump.  Its  effective 
head,  h,  will  be  equal  to  the  geometrical  head  at  the  entry  to  the  condenser,  increased  by  the 
vacuum  in  head  of  water.  We  have  then: 


V  =  water  velocity  in  the  inlet  pipe,  in  dm/s  (ft./s) 

a   =  coefficient  depending  on  the  length  of  the  pipe,  its  bends,  valves  and  other  obstructions 

to  flow.  In  general,  a  is  of  the  order  of  0.5 
g   =  98  dm/s2  (32.16  ft./s2) 

h    =  head  of  cold  water,  at  entry  to  condenser,  in  dm  (ft.). 

If  the  water  is  supplied  by  gravity,  and  if  the  tank  from  which  it  comes  is  at  a  lower  level 
than  the  condenser,  it  will  be  necessary  first  to  raise  vacuum  by  means  of  the  air  pump  in 
order  that  the  water  may  be  drawn  into  the  condenser. 

The  supply  tank  should  not  be  at  more  than  6  m  (20  ft.)  below  the  inlet  to  the  condenser, 
if  a  minimum  head  of  the  order  of  3  m  (10  ft.)  is  to  be  obtained  in  normal  operation  (a 
vacuum  of  66  cm  (26  in.)  of  mercury  is  equal  to  9  m  (29.5  ft.)  of  water). 

From  the  velocity  Vof  the  water  in  the  pipe,  the  diameter  of  the  latter  may  be  readily 
calculated: 


D   =  diameter  of  cooling  water  pipe,  in  dm  (ft.) 

Qi  =  flow  of  cooling  water,  in  kg/s  or  1/s  (cu. ft./s) 

V   =  velocity  of  water,  in  dm/s  (ft./s),  given  by  eqn.  (40.2). 

Water  separator 

Where  the  air  pump  is  of  reciprocating  type,  it  is  absolutely  necessary  to  avoid  the  risk  of 
water  reaching  the  pump,  which  would  cause  serious  damage  ("water  hammer").  Since  en- 
trainment  or  formation  of  scum  may  occur,  a  separator  is  interposed  for  safety  between  the 
air  outlet  from  the  condenser  and  the  air  pump  (Fig.  40.9).  In  a  design  project,  what  quantity 
of  vapour  to  be  condensed  should  be  assumed  as  a  basis  for  determining  the  capacity  of  the 
condenser? 


V  =  a  V  2gh 


(40.2) 


(40.3) 
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Evaporation.  The  quantity  of  vapour  to  be  condensed  is  equal  to  that  leaving  the  last  vessel 
of  the  multiple  effect,  which  is  readily  calculated  (cf.  p.  566). 


862 


VACUUM  EQUIPMENT 


Ch.  40 


water 


Fig.  40.9.  Water  separator. 


We  may  estimate  in  general,  in  kg  vapour/t.c.h.,  the  figures  given  in  Table  40.6. 

If  a  heater  condenser  is  interposed  between  the  last  vessel  and  the  condenser,  the  quantities 
indicated  in  the  table  should  be  decreased  by  the  quantity  condensed  in  this  heater. 

With  evaporation  under  pressure,  we  may  use  figures  below  the  weight  of  vapour  given 
by  the  last  line  of  Table  40.6,  but  this  quantity  then  becomes  very  variable,  and  it  is  desirable 
to  determine  it  accurately. 

TABLE  40.6 


WEIGHT  OF  VAPOUR  FROM  THE  MULTIPLE  EFFECT  TO  BE  CONDENSED  (kg/t.C.h.) 


Triple 

effect 

Quadruple 

Quintuple 

Without  bleeding 

225 

-250 

180- 

200 

150- 

160 

With  bleeding 

200 

-225 

160- 

175 

125- 

150 

With  bleeding  and  thermo-compressor 

110 

-175 

100- 

150 

75- 

120 

Pans,  (a)  Central  condenser.  With  central  condensation,  it  will  be  advisable  to  allow  for 
a  total  quantity  of  vapour  from  the  pans  of: 


125  -  150  kg  (280-336  lb.)  vapour  to  be  condensed  per  t.c.h. 


(40.4) 


WEIGHT  OF  VAPOUR  TO  BE  CONDENSED 


863 


the  exact  value  depending  on  the  amount  of  water  returned  to  the  pans  (cf.  p.  665). 

This  value,  moreover,  is  not  uniform:  it  varies  greatly,  and  shows  a  marked  maximum 
when  a  large  pan  commences  a  strike. 

(b)  Individual  condenser.  If  the  condenser  serves  a  single  pan,  the  great  variation  in 
evaporation  rate  during  the  course  of  each  strike  (cf.  p.  662)  completely  alters  the  problem. 
It  is  necessary  to  design  the  condenser,  and  similarly  the  pumps,  for  the  maximum  evapora- 
tion, which  corresponds  to  the  beginning  of  the  strike;  and  to  provide  a  means  of  regulating 
the  input  of  cooling  water  during  the  remainder  of  the  strike  in  proportion  to  the  quantity 
of  vapour  to  be  condensed,  which  decreases  rapidly  until  the  end  of  the  strike. 

The  dimensions  of  the  condenser  will  be  determined  as  a  function  of  the  maximum 
evaporation  rates  given  in  Table  40.7. 

TABLE  40.7 


MAXIMUM  EVAPORATION  AT  PANS  AT  START  OF  STRIKE 


(kg/m2  H.S./h) 

(Ib./sq.ft.  H.SVh) 

Footing 

80 

16 

A  massecuite 

60 

12 

B  massecuite 

50 

10 

C  massecuite 

40 

8 

If  the  condenser  serves  several  pans,  we  may  estimate: 

(a)  The  maximum  rate  for  the  largest  pan 

(b)  The  mean  rate  for  the  others. 

TABLE  40.8 


MAXIMUM  AND  MEAN  EVAPORATION  RATES  FOR  PANS 


Max.  rate 

Mean  rate  (kg/ml/h) 

Mechanical  Natural 
circulation  circulation 

Footing 

85 

50 

25 

A  massecuite 

70 

40 

20 

B  massecuite 

50 

30 

15 

C  massecuite 

40 

20 

10 

For  Ib./sq.ft./h,  divide  these  figures  by  5. 


For  this  calculation  it  will  be  necessary  to  take  more  accurate  figures  for  maximum  rates 
than  those  of  Table  40.7.  Calculations  may  be  based  on  the  evaporation  rates  of  Table  40.8, 
expressed  in  weight  of  vapour  to  be  condensed  per  hour  and  per  unit  of  heating  surface  (see 
also  Table  33.7). 
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WEIGHT  OF  COOLING  WATER 

The  quantity  of  cooling  water  necessary  for  condensation  of  the  vapour  is  readily  found  by 
equating  the  heat  given  up  by  the  vapour  in  condensing  to  the  heat  absorbed  by  the  cold 
water. 
Let: 

W  =  weight  of  cooling  water  necessary  per  unit  weight  of  vapour  to  be  condensed 
ti  =  temperature  of  cooling  water  available,  in  °C  (°F) 
tz  =  permissible  temperature  of  warm  water,  in  °C  (°F) 

tv  -  vapour  temperature  corresponding  to  the  vacuum  obtained  in  the  condenser,  in  °C 

(°F). 
Then: 

W  (t2  -  ti)  =  1  [607  -  0.7  (O  +  tv  -  tz] 

whence: 

607  +  0.3  t  -  t2 

W  =   (40.5) 

tz  -  f  1 

Since  the  difference  tv  -  tz  is  small,  especially  in  a  counter-current  condenser  (of  the 
order  of  5°C,  for  example),  and  since  t  varies  between  62°C  (H  =  60  cm)  and  47°C  (H  = 
68  cm),  and  generally  lies  in  the  immediate  vicinity  of  55 °C,  we  see  that  the  numerator  of 
the  second  member  of  the  expression  for  W  scarcely  varies.  No  great  error  will  be  made  in 
adopting  a  mean  value  and  writing: 


(40.6) 


Variation  of  W  as  a  function  of  tz  -  t\.  Returning  to  the  complete  formula  (40.5):  the 
value  of  depends  on  ti  ~  t\,  but  is  little  affected  by  tv  or  A.  Hence  we  shall  choose  a 
mean  value  for  the  temperatures  of  vacuum  and  of  cold  water,  and  study  the  variation  of 
Was  a  function  oft2  —  t\.  For  example: 

H  =  vacuum  =  64  cm         whence:  tv  =  55°C  and  ti  =  30°C 

We  have  then: 

w  _  623  -  t2  I  1,154  -  h  \ 

(2-  ti  I    h  -  /,  ) 

Hence  we  obtain  the  curve  of  Fig.  40.10  giving  the  variation  in  Was  (tz  -  t\)  varies  from 
zero  to  a  maximum  of  25  °C  (we  shall  see  later  that  tz  cannot  exceed  tv).  We  have  extended 
the  curve  beyond  that  figure  for  the  case  where  A  is  very  low,  or  tz  very  high. 
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-Air  (tj 


0  5°        10°        15°        20°       25°  30° 

t8-tl 


Fig.  40.10.  Variation  of  Was  function  of  (t2  -  t\). 


Water 


Fig.  40.11.  Temperatures  in  condenser. 


It  is  seen  that  the  quantity  of  water  necessary  increases  rapidly  as  t2  -  t\  decreases.  On 
the  other  hand,  it  decreases  only  very  slowly  when  t2  -  t\  is  very  high.  It  is  of  advantage, 
therefore,  to  keep  to  a  moderate  figure,  and  especially  not  to  descend  below  a  value  of  10°C 
for  (t2  -  /,). 


Considerations  on  temperatures 

Let  us  consider  for  example  a  counter-current  barometric  condenser  (Fig.  40.11).  Let: 
ty  =  temperature  of  vapour  to  be  condensed,  corresponding  to  the  vacuum 
A  =  temperature  of  cold  injection  water 
ti  =  temperature  of  hot  water  leaving  the  condenser 
/    =  temperature  of  the  air  at  exit  from  the  condenser. 
We  may  make  the  following  comments: 


(1)  ?2  is  lower  than  or  at  most  equal  to  tv.  The  temperature  of  the  water  cannot  exceed 
that  of  the  vapour;  otherwise,  since  the  vapour  pressure  in  the  condenser  corresponds  only 
to  tv,  the  water  which  would  then  be  at  a  higher  temperature  would  vaporise  instantly  and 
would  give  up  heat  instead  of  absorbing  heat.  This  is  exactly  what  happens  when  water  (or 
juice)  heated  to  105  or  110°C  is  released  from  a  heater  to  the  atmosphere;  it  immediately 
flashes  into  vapour  and  drops  to  100°C,  the  maximum  temperature  at  which  it  can  exist 
under  atmospheric  pressure. 
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Since  the  condenser  is  a  heat  exchanger  the  object  of  which  is  to  absorb  with  a  minimum 
of  water  all  the  heat  content  corresponding  to  the  latent  heat  of  the  vapour,  its  efficiency 
will  be  the  bettter  as  ti  approaches  tv,  the  ideal  being  represented  by  ti  -  tv. 

The  difference  t  —  t2  therefore  represents  the  margin  separating  the  condenser  under 
consideration  from  the  maximum  efficiency,  or  the  degree  to  which  it  approaches  that  effi- 
ciency. We  shall  call  it  the  "approach": 

App  =  Approach  =  tv  -  t2  (40.7) 

(a)  In  a  counter-current  condenser,  the  approach  varies  between  3  and  10°C  (5-  18°F). 
As  a  mean  value,  we  may  reckon  5°C  (9°F).  More  accurately,  we  may  take: 

App  =  tv  -  h  =  (0.1  +  0.02a)  (fv  -  f.)  (40.8) 

a  =  proportion  of  air  in  the  vapour  =  weight  of  air  %  on  weight  of  the  air  -  vapour  mixture 
(cf.  Table  40.16). 

a  generally  varies  from  0.5  to  2%  (cf.  Badger4;  Hausbrand  ).  Hence  the  approach  is  of 
the  order  of  10-  15%  of  tv  -  t\.  We  shall  retain  the  most  frequent  value: 

App  =  tv  -  h  -  0.12  (tv  -  t0  (40.9) 

being  careful  to  note  that  we  must  use  a  figure  of  2°C  (5°F)  in  the  case  where  this  formula 
would  furnish  a  value  lower  than  this  minimum. 

(b)  In  a  co-current  condenser,  the  approach  is  obviously  not  as  good.  Hausbrand6  gives: 

App  =  tv  -  h  =  0.66  (tv  -  f,)  (40.10) 

which  signifies  that  the  efficiency  of  a  co-current  condenser  is  only  about  1/3.  However, 
Webre  and  Robinson7  state  that  certain  types  of  co-current  condenser  attain  an  approach  of 
4-4. 5°C  (9-ll°F). 

Tromp8  indicates  5  -  11°C  (12-27°F),  with  a  mean  of  8.5°C  (20°F),  for  jet  condensers, 
according  to  the  fluctuations  in  the  quantity  of  vapour  to  be  condensed. 

(2)  t  lies  between  t\  and  ti.  The  temperature  at  which  the  air  leaves  the  condenser,  ta,  ob- 
viously lies  between  the  temperature  at  which  it  enters,  which  is  equal  to  that  of  the  vapour 
which  carries  it,  tv  (or  close  to  it),  and  the  temperature  of  the  cold  injection  water,  which 
is  the  fluid  of  lowest  temperature  within  the  condenser. 

However,  the  cooling  produced  by  this  water  makes  the  outgoing  water  the  hottest  fluid, 
and  the  air  can  be  no  hotter.  Its  temperature  will  then  lie  between  ti  and  A. 

It  is  found  in  practice  that  contact  between  air  and  water  in  the  condenser  is  sufficient  to 
ensure  complete  equalisation  of  temperature,  according  to  the  system  employed.  Hence  we 
have: 


(a)  Counter-current  condenser:  t  —  A 

(b)  Co-current  condenser:  t   =  ti 


(40.11) 
(40.12) 
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Comparison  between  co-current  and  counter-current  condensers 

In  condenser  problems,  the  data,  from  the  point  of  view  of  temperatures,  are  generally  A 
and  tv:  cooling  water  is  available  at  a  certain  temperature,  and  a  certain  vacuum,  which  one 
wishes  to  maintain,  is  specified. 

Under  these  conditions,  the  comparison  between  the  results  to  be  expected  from  the  two 
types  of  condenser  shows  little  but  advantages  in  favour  of  counter-current  condensers: 

( 1 )  Its  efficiency  is  higher:  it  permits  the  cold  water  to  be  heated  to  a  higher  temperature  t2 . 

(2)  For  a  given  duty,  it  therefore  allows  smaller  quantities  of  water.  The  quantity  of  heat 
exchanged  Mis  equal  (see  eqn.  40.5)  to: 

M  =  QW{t2  -  tO  (40.13) 

Q  =  weight  of  vapour  to  be  condensed. 
If  (t2  -  A)  decreases,  Wmust  increase. 

(3)  Now,  the  cooling  water  brings  with  it  dissolved  air,  which  is  released  and  assumes  the 
gaseous  form  when  exposed  to  the  vacuum  in  the  condenser.  Consequently,  the  duty  of  the 
air  pump  will  likewise  be  increased  with  a  co-current  condenser. 

(4)  However,  what  especially  increases  the  duty  of  the  air  pump  in  this  case  is  the  fact  that 
the  co-current  condenser  supplies  air  at  t2°,  whereas  the  counter-current  condenser  supplies 
air  at  t\°,  that  is,  at  a  lower  temperature.  It  follows:  (a)  that  its  specific  volume  is  lower;  (b) 
that  the  quantity  of  water  vapour  which  it  will  carry  with  it  (the  air  leaving  the  condenser 
is  obviously  saturated)  will  similarly  be  smaller. 

Finally,  the  air  pump  serving  a  co-current  condenser  will  require  a  capacity  roughly  double 
that  of  the  air  pump  serving  a  counter-current  condenser  receiving  the  same  cooling  water 
and  maintaining  the  same  vacuum. 

These  considerations,  however,  are  theoretical  rather  than  practical  and  it  is  appropriate 
on  the  other  hand  to  mention  the  following  points: 

(7)  If  we  adopt  in  the  co-current  condenser  a  barometric  column  of  sufficiently  small  cross- 
section  to  obtain  a  high  velocity  of  flow,  21  dm/s  (7  ft./s)  or  more,  part  of  the  air  will  be 
entrained  with  the  water,  and  the  duty  of  the  air  pump  will  be  correspondingly  reduced.  This 
phenomenon,  moreover,  is  the  basis  of  jet  condensers. 

(2)  If  the  cooling  water  is  supplied  from  a  spray  pond,  and  if  the  latter  is  fairly  generously 
designed,  the  cooling  water  temperature  will  be  slightly  lower  in  the  case  of  the  co-current 
condenser,  since  the  cooling  (t2  -  ti)  obtained  in  the  spray  pond  will  decrease  only  slightly 
with  t2>  The  decrease  in  t2  due  to  co-currents  (cf.  par.  1  above)  will  be  reflected  to  a  great 
extent  in  the  value  of  A. 

Air  and  vapour  pressures  in  the  condenser 

The  curtains  of  water  sometimes  offer  a  slight  resistance  to  the  passage  of  the  vapour  and 
the  air.  Adding  the  loss  of  head  due  to  the  flow  of  these  gases,  we  may  estimate  the  pressure 
drop  in  the  condenser  at  approximately  3  mm  (0.1  in.). 

If  we  neglect  this  slight  difference,  we  may  say  that  the  pressure  p  is  the  same  throughout 
the  body  of  the  condenser. 

Now,  this  pressure  p  is  made  up  of  the  sum  of  the  partial  pressures  of  vapour  and  air: 
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p  =  Pv  +  pa  (40.14) 

pv  =  partial  pressure  of  vapour 
pa  =  partial  pressure  of  air. 

The  partial  pressure  of  the  air,  pg,  is  very  low  at  the  vapour  entry.  If,  for  example,  the 
absolute  pressure p  is  100  mm  and  if  the  air  forms  1  %  of  the  volume  of  the  mixture,  we  may 
consider  that  1,000  volumes  of  mixture  contain9: 

990  vol.  of  vapour  at  100  mm 
10  vol.  of  air  at  100  mm 

or: 

1,000  vol.  of  mixture  at  100  mm 

or  this  may  preferably  be  expressed: 

1 ,000  vol.  of  vapour  at  99  mm 
1,000  vol.  of  air  at  1  mm 

or: 

1,000  vol.  of  mixture  at  100  mm 

However,  the  vapour  condenses:  its  pressure  decreases,  and  that  of  the  air  increases  (Fig. 
40.12).  At  the  outlet,  that  is,  at  the  point  where  the  air  is  extracted  by  the  pump,  we  have 
air  simply  saturated  with  vapour.  Its  pressure  is  then: 

P,  =  P  -  Pv  (40.15) 

pa  =  pressure  of  the  air  at  outlet  from  the  condenser 

p    =  pressure  in  the  condenser  corresponding  to  the  vacuum 

pv  =  vapour  tension  corresponding  to  the  temperature  tg  given  by  Table  32.1. 

AIR  PUMPS 

Two  main  types  of  air  pump  exist.  The  oldest  and  best  known  at  present  is  the 
reciprocating  pump,  analogous  in  construction  and  appearance  to  the  steam  engine.  It  is 
scarcely  encountered  in  new  installations  and  has  been  abandoned  in  most  sugar  countries. 
It  has  been  studied  exhaustively  in  the  second  edition  of  this  book  (English  edition,  pp. 
81 1  -  830)  and  we  refer  any  interested  readers  to  that  description.  Here  we  treat  only  the  pre- 
sent type,  which  is  much  more  practical  and  economic:  the  air  pump  with  liquid  annulus. 

Volume  of  air  to  be  extracted 

The  air  introduced  into  the  condenser  comes  from  four  sources: 

(1)  Air  contained  in  the  heating  steam 

(2)  Air  and  incondensible  gases  coming  from  the  juice 
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(3)  Air  introduced  with  the  injection  water 

(4)  Air  entering  by  leakage. 

These  have  already  been  studied  in  detail  in  the  second  edition.  We  now  summarise  these 
conclusions. 


Fig.  40.12.  Pressure  in  condenser. 


(1)  Air  contained  in  heating  steam.  This  originates  in  the  air  dissolved  in  the  feed  water 
going  to  the  boilers,  which  naturally  escapes  with  the  steam.  Where  the  incondensibles  are 
rejected  into  the  atmosphere,  none  of  this  goes  into  the  condenser.  In  other  cases,  where 
the  gases  are  passed  to  the  vapour  space,  we  may  reckon: 

a\  =  5  -  10  p. p.m.  of  steam  emitted  to  the  calandria 

(2)  Air  and  incondensibles  from  the  juice.  Dissolved  air  in  the  juice  has  escaped  at  the  flash 
tank  before  the  clarifier.  We  have  only  to  take  into  account  the  small  quantity  which  has  been 
dissolved  in  the  juice  between  clarification  and  evaporation.  We  may  reckon: 

(a)  Evaporation:  o2  =  200-250  p. p.m.  of  juice  entering  the  multiple  effects 

(b)  A  and  B  vacuum  pans:  ai  -  100  p. p.m.  of  syrup  entering  the  pan 

(c)  C  pans:  at  =  50  p. p.m.  of  syrup  entering. 

(3)  -Air  introduced  with  injection  water.  Water  at  atmospheric  pressure  contains  dissolved 
air  which  is  released  when  it  arrives  in  the  condenser  under  vacuum.  We  may  reckon,  as  the 
proportion  of  the  weight  of  injection  water,  depending  on  the  source  of  the  water: 

(a)  Calm  rivers  or  ponds:  aj  -  20-30  p. p.m. 

(b)  From  mountain  streams  or  cascades:  50-150  p. p.m. 
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(c)  From  sea  water:  10-20p.p.m. 

(d)  From  a  cooling  pond  or  tower:  30-40  p. p.m. 

(4)  Entry  from  leakages.  This  is  the  most  important  quantity,  especially  in  installations  not 
well  maintained,  but  it  is  very  variable  and  depends  on  the  care  taken  in  making  the  joints, 
and  on  the  total  surface  of  equipment  under  vacuum  and  the  number  of  joints  and  stuffing 
boxes.  We  may  reckon: 

(a)  Multiple  effects:  a  =  3500  p.p.m.  of  steam  condensed  within  the  last  vessel. 

(b)  Vacuum  pans:  a  =  500  p.p.m.  per  hour  for  the  working  volume  of  the  massecuite. 

Total  figures.  The  foregoing  data  on  the  origin  of  air  in  the  vapour  are  useful,  but  it  would 
be  very  misleading  to  use  them  for  design  requirements  of  air  pumps.  This  information  is 
obtained  from  simple  data  such  as  the  following,  calculated  on  different  bases. 


ROTARY  LIQUID-ANNULUS  AIR  PUMPS 

As  already  discussed  (p.  868),  reciprocating  air  pumps  are  cumbersome  and  expensive. 
They  are  now  replaced  by  an  ingenious  and  elegant  machine:  the  rotary  air  pump  with  an 
annulus  of  water.  This  pump  consists  of  a  shaft  carrying  radial  vanes,  rotating  in  a  drum 
(Fig.  40.13).  By  means  of  eccentric  placing  of  the  shaft  relative  to  the  drum,  or  by  giving 
the  drum  an  elliptical  or  oval  form,  it  is  arranged  that  the  vanes  enclose  a  space  at  first  in- 
creasing, connected  to  the  suction,  and  then  decreasing  for  compression  of  the  air  and  svbse- 

Suetiort 


I 


Fig.  40.13.  Principle  of  liquid-annulus  air  pump. 
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quent  connection  to  the  delivery.  This  space  is  limited  on  the  outside  by  an  annulus  of  water 
lining  the  drum  and  held  against  the  walls  by  centrifugal  force.  Part  of  the  water  leaves  with 
the  compressed  air,  but  can  be  recovered  and  re-cycled.  It  also  serves  to  remove  the  heat  of 
compression  and  so  cool  the  drum. 

These  pumps  run,  according  to  their  dimensions,  at  speeds  between  250  and  1,500  r.p.m. 
They  are  driven  by  an  electric  motor,  either  directly  coupled  or  by  Vee-belts.  Their  volumetric 
efficiency  is  of  the  order  of  0.65  —  0.75.  They  were  originally  built  in  two  stages,  but  at  the 
present  day  single-stage  pumps  are  made  which  can  give  a  vacuum  greater  than  70  cm  (27.5 
in.). 

These  pumps  take  up  little  space,  consume  very  little  lubricant  and  require  only  little  atten- 
tion. They  cause  scarcely  any  vibration  and  so  do  not  require  foundations;  they  may  be  in- 
stalled on  the  pan  floor,  and  thus  the  vacuum  piping  can  be  substantially  shortened.  Entry 
of  water  with  the  air  is  no  disadvantage,  thus  the  water  separator  may  be  omitted. 

Compared  with  jet  condensers,  they  require  only  very  little  water,  and  this  quantity  of 
water  can  be  proportioned  to  the  weight  of  vapour  to  be  condensed,  and  thus  can  be  substan- 
tially decreased  from  the  beginning  to  the  end  of  a  strike,  when  used  with  a  vacuum  pan. 
They  are  consequently  adaptable  for  automatic  vacuum  control  and  give  an  excellent  solution 
for  individual  vacuum.  They  thus  offer  at  the  same  time  economy  in  first  cost,  maintenance 
cost  and  power  consumption. 

Relative  to  steam  ejector  condensers,  they  consume  only  about  one-eighth  of  the  equivalent 
energy,  giving  at  the  outset  much  better  efficiency,  and  the  vacuum  produced  is  much  more 
independent  of  the  quantity  of  water  and  of  vapour  supplied.  They  are  greatly  superior  where 
air  leaks  are  substantial,  and  where  there  is  a  shortage  of  water  or  of  steam. 

They  may  be  used  to  supply  vacuum  for  rotary  filters  of  the  Oliver  type,  using  a  special, 
lower-priced  model. 


TABLE  40.9 


VOLUME  OF  AIR  TO  BE  REMOVED  PER  UNIT  OF  VAPOUR,  IN  1/kg  (cU.ft./lb.)  OF  VAPOUR 


For  central  condenser: 
For  multiple  effect: 
For  vacuum  pan: 


V  =  100-110 

V  =  80-100 

V  =  20-  25 


(V  =  1.6-2  ) 
(V  =  1.3-  1.6) 
(V  =  \  -1.3) 


For  vacuum  pan,  the  figures  are  for  maximum  rate  at  commence- 
ment of  the  strike. 


TABLE  40.10 


WEIGHT  OF  VAPOUR  FROM  A  MULTIPLE  EFFECT 


Triple 


Quadruple 


Quintuple 


kg/t.c.h.  Ib./t.c.h. 


kg/t.c.h. 


Ib./t.c.h. 


kg/t.c.h.  Ib./t.c.h. 


Without  bleeding  225-250      500-550       180-200      400-450       150-160  336-360 

Withbleeding  200-225      450-500       160-175     360-400       125-150  280-336 

Bleeding  and  vapour  comp.       110-175      250-400       100-150      225-336        75-120  170-270 
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Maximum  rate 


Mean  rate 


Author's 
figures 


Nash  figures 


Mechanical 
circulation 


Natural 
circulation 


Footing 
A  m.c. 
Bm.c. 
C  m.c. 


85 
70 
60 
40 


(17) 
(14) 
(12) 
(  8) 


83 
68 
68 
39 


(17) 
(14) 
(14) 
(  8) 


50 
40 
35 
20 


(10) 
(  8) 
(  7) 
(  4) 


25 
20 
15 
10 


(5) 
(4) 
(3) 
(2) 


More  accurate  figures  would  be  obtained  by  allowing  for  temperature  of  the  condenser  water,  which  is 

important. 

Calculations  for  liquid-annulus  air  pumps 

Calculations  of  these  pumps  are  based  on  the  volume  Vio  be  extracted,  obtained  by  means 
of  Tables  40.9  or  40.10,  with  the  aid  of  Table  40.11  for  vacuum  pans. 

A  simplified  and  rapid  calculation  may  also  be  made  in  the  following  manner. 

A  very  high  vacuum  is  generally  not  desired,  due  to  the  disadvantages  which  have  been 
discussed:  danger  of  entrainments  in  the  evaporators,  difficulty  in  ensuring  satisfactory  per- 
formance with  vacuum  pans.  The  author  would  recommend  that  it  is  advisable  to  keep  to 
66  cm  (26  in.);  even  if  it  is  not  intended  to  work  above  62  or  64  cm  (24  or  25  in.),  this  value 
ensures  a  useful  safety  margin: 


The  air  temperature  to  be  considered  here  is  no  longer  that  of  the  air  leaving  the  condenser 
(eqn.  40.11),  but  that  of  the  water  used  for  forming  the  liquid  annulus.  Actually,  the  con- 
tact of  the  air  with  the  annulus  is  sufficiently  intimate  to  reduce  the  air  to  a  temperature 
very  close  to  that  of  the  liquid.  Therein  lies  one  of  the  advantages  of  these  pumps;  the  coldest 
water  in  the  factory  may  be  used  for  them,  since  they  consume  very  little  2-4  I/s  (25  -  50 
Imp.gal./min),  thus  profiting  by  a  specific  volume  of  the  air  substantially  lower  than  that 
corresponding  to  the  temperature  of  the  cold  water  from  the  condenser,  which  often  rises 
to  30-36°C  (86-97°F). 

Example.  If  only  an  order  of  magnitude  is  required  for  a  preliminary  calculation,  with  a 
good  margin  of  safety,  we  may  be  content  with  using  Tables  40.9  and  40.10.  For  example, 
a  vacuum  pump  is  required  to  serve  a  quadruple  effect  with  vapour  bleeding,  for  a  factory 
of  200  t.c.h.  Table  40.10  gives:  170  kg  of  vapour  per  t.c.h.,  Table  40.9:  90  1  of  air  per  kg 
of  vapour. 

Hence:  170  x  90  =  15,300  1/t.c.h.  (550  cu.ft./t.c.h.),  and  for  200  t.c.h.: 


p  =  66  cm  (26  in.)  of  vacuum  =  10  cm  (4.  in.)  absolute  pressure 


=  0.136  kg/cm2  (1.93  p.s.i.a.)  (cf.  Table  32.1). 


200  X  15,300  =  3,060,000  1/h  =  51  mVmin  (1,830  cu.ft./min) 
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However,  generally  we  have  more  complete  data.  Assuming: 

TABLE  40.12 

VOLUME  OF  AIR  TO  EXTRACT  FOR  66   Cm   (26  in.)  VACUUM  ABS.    PRESS.    10  Cm   (4  in.) 


Temperature  of  condenser  water 


20  °C 

25  °C 

-  30°C 

35  °C 

Multiple  effect 

123 

136 

178 

236 

1/min  per  t/fc  juice 

A  and  B  pans 

16.2 

18.7 

24.5 

32.8 

l/mir  per  m- 

C  pans 

11.5 

13.5 

17.8 

22.4 

1/min  per  m- 

For  vacuum  other  than  66  cm.  Nash  gives  the  coefficients  shown  in  Table  40  1 3  as  applicable 
to  the  volumes  of  air  in  this  table. 


Fig.  40.14.  "Hydro  BIS"  liquid-annulus  air  pump. 
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Fig.  40.15.  Nash  liquid-anruilu>  air  pump. 


TABLE  40.13 

COEFFICIENTS  APPLICABLE  TO  VOLUMES  OF  TABLE  40.12  FOR  VACUUM  OTHER  THAN  66  cm 


Temperature  (°C) 

Vacuum 

(cm) 

64 

66 

68 

70 

20 

0.80 

1 

1 . 

31 

1.94 

25 

0.79 

1 

1 

.34 

2.08 

30 

0.77 

1 

1 

.40 

2.26 

Nash  also  takes  into  account  the  difference  d  between 
the  condenser  water  and  the  water  forming  the  liquid 
annulus,  for  which  the  coldest  water  available  is  used 
(see  Table  40.14). 


Crushing  rate:  200  t.c.h. 

Mixed  juice  %  cane:  100% 

Vapour  from  last  vessel:  22,000  kg/h 

Vacuum  required:  66  cm 


Water  temperature  to  condenser:  30°C 
Water  supply  to  pump  annulus:  25°C 
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We  require  a  "Hydro"  or  Nash  pump. 

Calculation:  Volume  of  air  to  be  extracted  (Table  40.12),  178  1/min  x  200  t.c.h.  =  35.6 
mVmin  (1,284  cu.ft./min). 

TABLE  40.14 

COEFFICIENT  TO  APPLY  TO  VOLUMES  OF  TABLE  40. 12  AS  FUNCTION  OF  TEMPERATURE  DIFFERENCE  d  BETWEEN  CONDENSER 

COOLING  WATER  AND  ANNULUS  COOL  WATER 

Vacuum  (cm)  d  f°C) 


3 

5 

6 

8 

10 

12 

64 

1.050 

1.088 

1.097 

1.111 

1.126 

1.140 

66 

(.067 

1.104 

1.112 

1.127 

1.141 

1.156 

68 

1.084 

1.120 

1.128 

1.143 

1.157 

1.172 

For  continuous  pans,  the  quantity  of  vapour  varies  greatly  depending 
on  whether  agitating  steam  ("jigger  steam")  is  used.  Table  40.15  gives 
appropriate  figures. 


Taking  into  account  the  5°  gained  due  to  the  annulus  water,  a  B.  13  pump  (Tables  40.14 
and  40.17)  could  extract  32  x  1.104  =  35.3  mVmin  (1.130  x  1.104  =  1.250  cu.ft./min). 
This  could  thus  suffice  if  need  be,  but  a  B.  15  would  be  advisable  to  attain  a  good  margin 
of  security.  Similarly,  a  Nash  2000  (100  h.p.)  would  be  suitable  (Table  40.18). 

Central  condenser.  Figures  for  a  central  vacuum  system  have  been  included  in  the  forego- 
ing tables.  This  is,  in  fact,  still  an  exceptional  case  at  present  (1982),  but  it  is  probable  that 
it  will  become  more  and  more  frequent  in  the  future.  This  is  the  case  where  the  factory  is 

TABLE  40.15 

WEIGHT  OF  VAPOUR  FROM  A  CONTINUOUS  PAN 

kg/t  x.h.  kg/m2  heating  surface0 


Without  With  Without  With 

agitation  agitation  agitation  agitation 


A  m.c.  60  90  14  20 

B  m.c.  30  45  12  18 

C  m.c.  20  30  8  12 


For  lb. /t.c.h,  multiply  by  2.2  b  For  lb./sq.ft.  multiply  by  0.2. 


TABLE  40.16 

WEIGHT  OF  AIR  TO  EXTRACT  IN  g  PER  kg  OF  VAPOUR  TO  BE  CONDENSED 


Central  vacuum  8-10 
Multiple  effects  6-8 
Vacuum  pans  5-6 
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entirely  equipped  for  continuous  operation,  i.e.  where  all  the  vacuum  pans  (including  high 
grades)  are  continuous  pans.  There  is  then  nothing  to  disturb  the  regularity  of  the  vacuum, 
and  the  motives  of  economy  and  simplicity  act  in  favour  of  a  central  vacuum  system. 

For  reasons  previously  discussed  (pp.  506,  610,  649),  in  this  case  a  slight  difference  will  be 
maintained  between  the  vacuum  for  the  evaporators,  which  would  be  fixed  at  about  64  cm,  and 
that  for  the  vacuum  pans,  which  would  be  for  example  66  cm,  with  an  automatic  valve  in  the 
vacuum  line  to  maintain  this  difference  in  vacuum  between  the  two. 


From  weight  of  air  to  extract.  It  is  in  fact  more  accurate  to  base  calculations  on  the  weight 
rather  than  the  volume  of  air  to  be  handled,  since  this  volume  varies  with  the  vacuum  for 
a  given  weight.  Taking  the  weight  as  a  basis,  we  avoid  the  approximations  made  in  the 
preceding  tables,  depending  on  the  vacuum  (assumed  in  the  tables  as  66  cm)  and  the 
temperature  (Table  40.16). 


TABLE  40.17 


CAPACITY  AND  POWER  OF  "HYDRO"  NEYRPIC  PUMPS  TYPE  B 


Model 


R.p.m.  Motor 

Water 

750 

100 

80 

60 

Abs.  press  mm  Hg 

power 

610 

660 

680 

700 

Vacuum  mm  Hg 

(kW) 

(cu.ft/h) 

24 

26 

26.8 

27.6 

Vacuum  in.  Hg 

B.7         740  9  7ZQ 


B.7>        740         15  ^ 


B.9  580  15  92Q5 


B.  10        500         23  |qq 


B.  12        406         30  12^'5 


B.  13        340         45  5 

175 


B.15        270  75  ^ 


B.15b       280        120  AH 

460 


6.20 

6.20 

6.10 

5.45 

mVmin 

220 

220 

215 

190 

cu.ft./min 

8.25 

8 

7.50 

6.95 

kW 

8.25 

8.10 

7.90 

7.60 

mVmin 

290 

285 

275 

270 

cu.ft./min 

11.20 

10 

9.40 

8.75 

kW 

10.30 

10.30 

10.20 

9.10 

mVmin 

365 

365 

360 

320 

cu.ft./min 

13.80 

13.50 

13 

12 

kW 

15.20 

15.10 

14.50 

13.70 

mVmin 

535 

535 

510 

485 

cu.ft./min 

20.20 

20 

19.10 

17.80 

kW 

21 

19.30 

17.75 

16 

mVmin 

740 

680 

625 

565 

cu.ft./min 

26.50 

25.25 

24.40 

22.10 

kW 

32 

32 

30.50 

26 

mVmin 

1,130 

1,130 

1,090 

920 

cu.ft./min 

41.20 

38.20 

35 

32 

kW 

51 

51 

51 

45.50 

mVmin 

1,800 

1,800 

1,800 

1,600 

cu.ft./min 

63.50 

61 

59.50 

54.50 

kW 

75 

70 

66 

57.50 

mVmin 

2,650 

2,470 

2,330 

2,030 

cu.ft./min 

101.5 

97 

92.50 

88 

kW 

The  quantity  of  water  forming  the  liquid  annulus  is  approximately  2.5-4  l/m'of  air  aspirated  (2.5-4 

cu.ft.  per  1000  cu.ft.). 
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TABLE  40.18 


POWER  AND  CAPACITY  OF  NASH  VACUUM  PUMPS  (TYPE  CL) 


No. 

H.p. 

Capacity  in  mi 

(cu.fi.)  per  min 

01  CUl 

(OH  in  ) 
[ZU  ILL .  } 

61  cm 

lOi  in  1 

66  cm 

llf.  in  1 
\Z0  111./ 

900 

7.5 

4 

(140) 

3  . 

(100) 

3 

(100) 

ZXAJ 

10 

5 

(175) 

4 

(140) 

4 

(140) 

20 

10 

(350) 

9 

(320) 

8 

(280) 

400 

25 

12 

(425) 

1/ 

(390) 

9 

(320) 

30 

13 

(460) 

12 

(425) 

10 

(350) 

30 

16 

(565) 

15 

(530) 

13 

(460) 

700 

40 

19 

(670) 

17 

(600) 

15 

(530) 

50 

21 

(740) 

19 

(670) 

17 

(bUU) 

50 

27 

(950) 

23 

(810) 

21 

(740) 

1.000 

60 

30 

(1, 060) 

26 

(920) 

25 

(880) 

75 

42 

(1,480) 

40 

(1,400) 

26 

(920) 

2.000 

100 

53 

(1,870) 

50 

(1,765) 

45 

(1,590) 

125 

60 

(2,120) 

b  / 

(2,010) 

52 

(1,0.5b) 

125 

70 

(2,470) 

64 

(2,260) 

58 

(2,050) 

3.000 

150 

80 

(2,825) 

80 

(2,825) 

68 

(2,400) 

150 

90 

(3,180) 

80 

(2,825) 

67 

(2,365) 

4.000 

200 

110 

(3,880) 

106 

(3,740) 

94 

(3,320) 

250 

147 

(5,190) 

125 

(4,430) 

130 

(4,590) 

6.000 

300 

164 

(5,790) 

160 

(5,650) 

150 

(5,300) 

400 

226 

(7,780) 

215 

(7,590) 

210 

(7,415) 

9.000 

450 

250 

(8,830) 

240 

(8,475) 

230 

(8,120) 

500 

266 

(9,400) 

The  volume  of  water  for  the  liquid  annulus  should  be  approximately  2-2.5  1/m3  of  air  pumped. 


Knowing  the  weight  of  air,  it  converts  to  volume  by  applying  Mariotte's  Law: 

RT 


v   =  specific  volume  of  the  air  under  absolute  pressure  p  and  temperature  T ,  in  1/g 
R  =  constant  for  perfect  gases  =  0.002927  for  metric  units  (0.3697  in  British  units). 
7  =  air  temperature  in  degrees  Kelvin  =  273  +  ta 

ta  =  temperature  of  air  leaving  the  condenser,  given  by  formulae  (40.11)  and  (40.12),  in  °C 
pa  -  partial  pressure  of  the  air,  in  kg/cm2  by  formula  (40.15)  and  Table  32.1 

The  specific  volume  v  also  gives  the  total  volume  V  -  Av 
A  =  total  weight  of  air  to  extract  =  aQ 
Q  -  weight  of  vapour  to  be  condensed,  in  kg/h. 

The  volumetric  efficiency  of  the  pump  must  be  taken  into  account  (this  is  taken  into  ac- 
count in  the  tables  for  capacities  of  Neyrpic  Hydro  and  Nash  pumps  (Table  40.18)). 
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Example.  Required  to  determine  capacity  of  air  pump  to  serve  a  vacuum  pan  under  the 
following  conditions  (discontinuous  pan): 
Pan  for  a  m.c.  at  60  m3  (1700  cu.ft.)  and  360  m2  (3.875  sq.ft.) 
Vacuum  desired,  66  cm  (26  in.) 
Temperature  of  water  to  the  condenser,  30°C 
Temperature  of  water  to  the  pump,  27°C 

Calculation.  At  the  beginning  of  the  strike,  the  pan  gives  (Table  40.8)  70  kg  of  vapour  per 
m2  of  heating  surface,  or: 

360  x  70  =  25,200  kg/h 
Weight  of  air  to  extract  (Table  40.16): 

25,200  x  6  g/kg  =  151,200  g/h 
Temperature  of  air  at  entry  to  the  pump: 

t  =  tx  =  30°C 

a 

Pressure  of  air  at  that  point  (formula  40.15,  Table  32.1): 

pa  =  p  -  pr=  0.136  -  0.0435  =  0.0925  kg/cm2 
Specific  volume  of  this  air: 

77^  +  30  459  +  \ 

v  =  0.002927  x  =  9.6   1/g        (v  =  0.3697  x  =  161  cu.ft./lbj 

0.0925  \  1.273  / 


Volume  of  air  to  extract: 

V=  151,200  x  9.6  =  1,451,520  1/hr.  =  24.2  mVmin. 

A  B.13  pump  at  66  cm  handles  32  mVmin  (1.130  cu.ft./min).  With  the  3°  lower  temperature 
of  water  to  the  pump,  (Table  40.14):  32  x  1.067  =  34  mVmin  (1.200  cu.ft./min). 
Similarly,  a  Nash  2000  (75  h.p.)  which  handles:  26  x  1.067  =  27.7  mVmin  (982  cu.ft./min). 

Measurement  of  air  leakages 

The  value  of  leakages  of  air  into  vessels  under  vacuum  may  readily  be  ascertained,  by  work- 
ing in  the  following  manner. 

The  total  volume  of  vessels  under  vacuum  is  calculated,  down  to  the  level  of  the  water  in  the 
barometric  column,  and  including  the  total  interior  volume  of  any  pans  which  are  connected. 
The  incondensable  gas  valves  on  the  pipe  lines  are  carefully  closed.  Vacuum  is  raised,  then 


ROTARY  LIQUID  ANNULUS  AIR  PUMPS 


879 


the  air  pump  is  shut  down.  The  time  is  then  determined  for  the  vacuum  to  fall  by  5  -  10  cm 
(2-4  in.),  for  example. 

Knowing  the  total  volume,  and  the  absolute  pressure  at  the  beginning  and  end  of  this 
period,  the  weight  of  air  at  the  start  and  finish  is  readily  deduced,  and  hence  the  weight  of 
air  entering  per  minute. 

It  is  known  that  the  weight  of  air  entering  is  independent  of  the  pressure  in  the  vessel,  pro- 
vided that  this  pressure  does  not  reach: 

pc  =  0.528P  (40.16) 

pc  =  critical  downstream  pressure 
P  =  upstream  pressure  =  atmospheric  pressure. 
Or: 

pe  =  0.528  X  76  =  40  cm  (16  in.)  (40.17) 

In  other  words,  the  quantity  of  air  passing  through  any  leak  or  orifice  is  independent  of 
the  downstream  pressure  p  and  depends  only  on  the  upstream  pressure  P,  provided  the 
downstream  pressure  remains  lower  than  p  =  0.528 P.  In  the  case  which  concerns  us  here, 
so  long  as  the  vacuum  remains  greater  than: 

He=  76-40  =  36  cm  (14  in.)  (40.18) 

Example.  Assuming  a  vessel  of  capacity  V  =  50  m3  (2,000  cu.ft.),  in  which  the  vacuum 
takes  36  min  to  drop  from  60  to  50  cm  (24-20  in.). 
The  pressure  (Table  32.1)  corresponding  to  a  vacuum  of: 

60  cm  (24  in.)  is  pa  =  0.218  kg/cm2  (2.91  p.s.i.) 
50  cm  (20  in.)  is  p]  =  0.354  kg/cm2  (4.87  p.s.i.) 

If  the  temperature  of  the  air  has  been  read  with  a  thermometer  at  the  beginning  and  of 
this  36-min  period,  and  has  been  found  to  be  equal  to  20  and  25°C  (70  and  80°F),  respective- 
ly, the  specific  volume  of  the  air  at  the  beginning  (va)and  at  the  end  (v„)  of  this  period: 

vu  =  0.002927  ~!l^  =  3-93  mVkg  (67-2  cu-ft"/Ib-> 
273  -  f  25 

v  =  0.002927  Zl^LJ^  =  2.46  mVkg  (40.9  cu.ft./lb.) 
Hence  the  weight  of  air  contained  in  the  vessel  at  the  beginning  and  end  of  the  36-min  period: 

p  =      =  19_  =  12.7  kg  (29.8  lb.) 
0     1      3.93  B 

a 
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V  _  50 
v2~46 

z 


=  20.3  kg  (48.9  lb.) 


p  -  pg  =  7.6  kg  (19.1  lb.) 


The  leakage  then  amounts  to: 


7.6  x  —  = 
36 


12.7  kg/h 


(32  Ib./h) 


THE  BAROMETRIC  COLUMN 


There  are  two  dimensions  of  importance  in  the  barometric  column  (Fig.  40.16). 

(a)  Its  height 

(b)  Its  cross-section. 

Height  of  the  barometric  column.  The  height  of  the  barometric  column  should  be  reckoned 
from  the  level  of  the  Torricellian  well  at  the  foot  of  the  column  up  to  the  junction  with  the 
body  of  the  condenser. 

To  facilitate  the  entry  of  the  water  into  the  column,  Hausbrand10  recommends  that  it  be 
connected  to  the  condenser  by  a  conical  junction-piece  of  30°  angle,  that  is,  making  an  angle 
of  60°  with  the  horizontal;  we  have  seen  (p.  859)  that  Ziegler  recommends  at  least  70°.  This 
cone  is  not  necessary  if  the  condenser  body  itself  terminates  in  a  definite  conical  section. 


h 


H 


Fig.  40.16.  Hei 


the  barometric  column. 
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The  height  of  the  column  represents  the  sum  of  3  terms: 

(a)  Ho  =  head  of  water  corresponding  to  the  maximum  vacuum  in  the  condenser 

(b)  h  -  head  necessary  to  give  the  desired  downward  velocity  of  the  water 

(c)  s  -  margin  of  safety  as  provision  for  abrupt  variations  in  level  of  the  water  in  the  col- 
umn. 

H-H0  +  h-\-s  (40.19) 

(7)  Ho.  We  may  take  as  lower  limit  for  the  temperature  of  the  outgoing  water  a  minimum 
of  30°C  (86°F).  The  corresponding  vacuum  is  73  cm  (28.7  in.),  which  is  thus  a  maximum 
in  the  tropics.  Taking  into  account  the  specific  volume  of  the  water  at  that  temperature 
(1.004)  and  the  margin  necessary  to  allow  for  a  possible  rise  in  barometric  pressure  to  78  cm 
(30.7  in.),  we  shall  have: 

Ho  =  10.33  x  —  x  1.004  x  —  =  10.20  m  (33.3  ft.) 
76  76 

(2)  h.  The  head  is  given  by 

h  =  (1  +  a)  —  (40.20) 

h   =  head  of  water,  in  m  (ft.),  necessary  to  maintain  flow  in  the  column,  at  velocity  V 
V  =  velocity  of  flow  in  the  column,  in  m/s  (ft./s) 
g  =  9.8  m/s2  (32.16  ft./s2) 

a  =  coefficient,  values  of  which,  after  Hausbrand11,  are  given  in  Table  40.19. 

TABLE  40.19 


VALUE  OF  COEFFICIENT  a 


Column 

Diameter  of  column,  mm  (in.) 

50(2) 

100(4) 

200(8) 

400  (16)      800  (32) 

Straight 

With  double  90°  bend  at  base 

6.1 

6.7 

2.6 
3.2 

1.2 
1.8 

0.6  0.4 
1.2  1 

(3)  s.  This  is  a  simple  margin  of  safety  as  provision  for  sudden  variations  in  vacuum  or 
in  flow  of  water.  We  may  take  in  general: 

s  =  0.5  m  (1.5  ft.)  (40.21) 

Example.  To  calculate  the  height  of  a  barometric  column  for: 
V  =  velocity  of  flow  of  water  1  m/s  (3.0  ft./s) 
D  =  interior  diameter  of  the  column  25  cm  (10  in.) 
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assuming  that  there  is  no  curve  at  the  bottom  of  this  column. 
We  have 


(1)  Ho  =  10.20  m  33.3  ft. 

(2)  h     =    0.10  m        0.3  ft. 

(3)  5    =   0.50  m        1.5  ft. 


Whence:  H  =  10.80  m      35.1  ft. 


It  is  obviously  permissible  to  modify  the  margin  5  in  the  case  where  the  lower  portion  of 
the  condenser  may  be  allowed  to  fill  with  water  without  any  disadvantage. 

Cross-section  of  the  column.  The  cross-section  of  the  barometric  column  requires  simply 
to  have  sufficient  cross-section  to  assure  discharge  of  the  water. 
The  water  to  be  discharged  consists  of: 

(a)  The  cooling  water  supplied  to  the  condenser 

(b)  The  vapour  which  it  has  condensed 
or: 


(W  +  1)  kg/kg  (lb. /lb.)  vapour  condensed 


Previously,  a  velocity  of  approximately  1  m/s  (3  ft. /s)  was  general,  and  rates  greater  than 
1.5-1.8  m/s  (5-6  ft./s)  were  avoided.  However,  Webre  and  Robinson12  considered  that 
barometric  columns  were  generally  much  too  large,  and  saw  no  advantage  in  choosing 
velocities  of  flow  lower  than  2-3  m/s  (7-9  ft./s).  By  adopting  such  values,  there  is  obtained 
in  effect  the  entrainment  of  a  certain  proportion  of  air,  so  decreasing  the  work  required  of 
the  air  pump  in  a  proportion  which  is  quite  appreciable. 

Moreover,  air  sometimes  accumulates  at  the  bottom  of  the  condenser,  forming  a  pocket 
which  is  detrimental  to  exchange  of  heat  between  vapour  and  water.  The  higher  velocity, 
which  entrains  part  of  the  air,  avoids  this  drawback. 

The  diameter  of  the  column  is  given  by: 


4  3,600  V   4  62.4  X  3,600 


(40.22) 


D  =  diameter  of  the  column,  in  dm  (ft.) 
V  =  velocity  of  flow  of  water  in  the  column,  in  dm/s  (ft./s) 
Q  =  weight  of  vapour  to  be  condensed,  in  kg/h  (lb./h) 

W  =  ratio  of  weight  of  injection  water  to  weight  of  vapour  condensed,  given  by  eqn.  (40.5). 
Hence: 


(40.23) 
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The  well  at  the  foot  of  the  column  should  have  a  minimum  volume  of  1^  times  the  volume 
of  the  column. 


WATER  PUMPS 

In  general,  to  serve  the  condenser,  two  water  pumps  are  required: 

(a)  The  injection  water  pump,  delivering  water  from  the  cooling  system  to  the  top  of  the 
condenser 

(b)  The  hot  water  pump,  taking  water  from  the  Torricellian  well  below  the  condenser  to 
the  cooling  system. 

Capacity 

We  already  know  the  capacity  necessary  for  these  pumps: 

(a)  Injection  water  pump: 

Qi  =  QW  (40.24) 

(b)  Warm  water  pump: 

Q2  =  Q{W+  1)  (40.25) 

Q,  =  flow  of  injection  water,  in  1/h  (lb./h) 

Qz  —  flow  of  warm  water,  in  1/h  (Ib./h) 

Q   -  weight  of  vapour  to  be  condensed,  in  kg/h  (Ib./h) 

W  =  ratio  of  weight  of  cold  water  to  weight  of  vapour  to  be  condensed,  given  by  eqn.  (40.5) 
or  (40.6). 

Delivery  head 

The  delivery  head  of  which  the  pump  must  be  capable  in  normal  operation  at  full  discharge 
is  readily  calculated. 


Example,  (a)  Injection  water  pump. 


Gravity  head  at  delivery,  for  example: 

15 

m 

50 

ft. 

Deduct:  Vacuum  of  66  cm  x  13.6: 

9 

m 

30 

ft. 

6 

m 

20 

ft 

Add:  Maximum  suction,  for  example: 

1.5 

m 

5 

ft. 

Losses  of  head  (to  be  calculated),  for  example: 

1.5 

m 

5 

ft. 

Margin  of  20%: 

2 

m 

6 

ft. 

11 

m 

36 

ft 

The  losses  of  head  are  calculated  by  eqn.  (45.3). 
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The  injection  water  pump  should  be  able  to  deliver  water  when  first  started  up,  when 
vacuum  has  not  been  established.  In  the  preceding  example: 

Gravity  head:  15    m     50  ft. 

Add:  Maximum  suction:  1.5  m      5  ft. 

Losses  of  head:  0.5  m      1  ft. 


17    m     56  ft. 

The  characteristic  for  the  pump  H  =  /(Qi)  should  then  in  this  case  begin  at:  H  =  18  m 
(60  ft.)  for  Qi  =  0  and  should  give  H  =  11  -  12  m  (36-40  ft.)  for  the  normal  output  Qx 
given  by  eqn.  (40.24). 

(b)  Warm  water  pump.  The  operation  of  the  sprays  requires  a  certain  head  at  the  nozzles, 
generally  5-6  m  (16  —  20  ft.).  For  example: 


Head  required: 

6 

m 

20 

ft. 

Add:  Vertical  height  of  the  nozzles  above  the  pump,  for  example: 

4 

m 

13 

ft. 

Suction  from  the  condenser  well  to  the  pump,  for  example: 

1 

m 

3 

ft. 

Loss  of  head  between  pump  and  nozzle  (to  be  calculated), 

for  example: 

2 

m 

6 

ft. 

13 

m 

42 

ft. 

Margin  of  20%: 

2.5 

m 

8 

ft. 

15.. 

5  m 

50 

ft. 

The  characteristic  curves  for  such  pumps,  giving  //as  a  function  of  capacity  Q\,  generally 
show  a  distinct  drop  in  head  as  discharge  increases  (Fig.  40.17). 


Fig.  40.17.  Graph  of  operation  of  condenser  water  pump. 

Efficiency 

These  large  pumps  generally  have  an  efficiency  of  the  order  of  75-80%. 
Their  power  requirement  is  given  by: 
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(40.26) 


P  =  power  consumed  by  the  pump,  in  h.p. 

H  =  delivery  head,  in  m  (ft.)  of  water 

Qx  =  output,  in  1/s  (lb./s) 

q  ~  efficiency  of  the  pump. 
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Factories  which  have  an  ample  supply  of  water  can  allow  the  warm  water  from  the  condenser 
to  run  to  waste.  Accordingly,  they  require  only  one  pump  for  the  condenser:  the  injection 
water  pump.  Again,  certain  factories  receive  the  cooling  water  at  a  sufficient  head  to  feed 
the  condenser  directly,  or  have  a  reservoir  at  sufficient  head  above  the  condensers.  These  are 
particularly  fortunate  conditions,  but  infrequent. 

Quantity  of  water  required  for  condensers 

The  minimum  quantity  Q>  of  cold  water  required  for  condensation  amounts  to: 

Qx  =  QW  (40.27) 

Qx  =  minimum  quantity  of  cold  water  required  for  condensers,  in  1/h  (Ib./h) 
Q  -  weight  of  vapour  to  be  condensed  in  the  factory,  in  kg/h  (lb./h) 
W  -  ratio  of  weight  of  cooling  water  to  weight  of  vapour  to  be  condensed. 
Or,  from  eqns.  (40.6)  and  (40.9),  and  assuming  counter-current  condensers  are  used: 

Qx  =   ~    -  A  00  ^         -   ~_  I  ~  \  (40.28) 

t2  -  u    vMY^Tx)    tv-  u       \tv-  ti) 

tv  =  temperature  corresponding  to  the  vacuum,  in  °C  (°F) 
A  =  temperature  of  cooling  water  available,  in  °C  (°F). 

In  general  a  vacuum  of  65  cm  (25.5  in.)  is  considered  sufficient,  hence: 
tY  =  54°C  (129°F);  and  in  the  common  case  where  the  water  comes  from  mountain  streams 
or  from  deep  flowing  rivers,  we  have  frequently,  in  tropical  countries:  A  =  21  °C  (70°F).  We 
have  then: 

e>5(\n 

Qx  =  =  20  g  (40.29) 

Table  40.6  and  eqn.  (40.4)  then  allow  for  a  ready  determination  of  the  minimum  quantity 
of  water  required  per  tonne  of  cane.  With  300  kg  (672  lb.)  of  vapour  to  be  condensed  per 
tonne  of  cane,  it  will  be,  for  example: 


Qi  =  20  x  300  =  6,000  I/t.c. 


(40.30) 
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To  allow  a  comfortable  margin  and  to  provide  for  momentary  variations,  it  would  be 
necessary  to  allow: 

(a)  with  central  vacuum  system: 

Qi  =  30  Q  (40.31) 

or  in  the  case  chosen: 

=  10,000  I/t.c,  (20,000  Ib./tc.)  (40.32) 

(b)  with  individual  condensers: 

£i  =  602  (40.33) 

or  in  the  case  chosen: 

Qx  =  20,000  I/t.c.  (40,000  Ib./t.c.)  (40.34) 

Cooling  systems 

If  the  required  quantity  of  water  is  not  available  from  spring  or  river  water  (or  from  the  sea, 
in  the  case  of  factories  situated  on  the  coast),  it  is  necessary  to  resort  to  a  cooling  system 
to  which  the  warm  water  leaving  the  condenser  is  pumped,  and  which  cools  it  for  re-use. 

Types  of  cooling  system 

There  are  three  principal  types  of  cooling  system: 

(a)  The  spray  pond,  in  which  the  warm  water  is  broken  up  into  a  spray  by  means  of 
nozzles. 

(b)  The  cooling  tower,  generally  packed  with  brushwood  or  wooden  laths.  This  is  a  very 
large  tower  in  which  the  hot  water  encounters  a  natural  draught  which  promotes  cooling  of 
the  water  by  convection  and  evaporation.  Roughly,  we  may  reckon  that  10  -  15%  of  the  heat 
removed  is  by  convection,  and  85  —  90%  by  evaporation.  Generally,  there  will  be  about  1  kg 
of  water  evaporated  per  600  kcal  removed  (1  lb  of  water/1080  B.T.U.).  This  system  is  little 
utilised  in  the  sugar  factory. 

(c)  Forced  draught  cooling  tower,  which  follows  the  same  principle,  but  with  draught  pro- 
vided by  fans. 

The  spray  pond  (Fig.  40.18)  consists  simply  of  a  large  flat  basin  above  which  the  warm 
water  is  distributed  by  pipes  on  which  the  spray  nozzles  are  arranged  at  regular  intervals. 
When  the  water  is  thus  brought  into  intimate  contact  with  the  atmosphere,  a  small  portion 
of  it  is  evaporated.  The  evaporation  and  the  contact  of  the  ambient  air  with  the  fine  drops 
of  water  produce  the  required  degree  of  cooling. 

Limit  of  cooling  possible 

The  lowest  temperature  to  which  the  water  can  be  cooled  by  contact  with  the  air  is  the 
temperature  indicated  by  the  wet-bulb  thermometer. 
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Fig.  40.18   Spray  pond. 


If  this  temperature  were  reached,  we  should  have  an  efficiency  of  100%  in  the  cooling. 
Thus  the  efficiency  g  of  the  cooling  system  may  be  defined  as: 

e  =  r^r  (40-35) 

tl  -  to 

ti  =  temperature  of  the  warm  water  entering  the  spray  pond 
A  =  temperature  of  the  cold  water  leaving  the  spray  pond 
lc  =  wet-bulb  temperature. 
Generally,  efficiencies  range  from  50  to  70%,  averaging  60%. 

Since  the  use  of  the  wet-bulb  thermometer  is  not  widespread,  it  will  be  remembered  more 
simply  that  a  good  spray  pond  should  cool  the  water  within  1  or  2°C  of  the  temperature  of 
the  ambient  air,  provided  that  it  has  been  very  generously  designed. 

Spray  pond 

Depth.  The  spray  pond  itself  should  have  a  depth  of  approximately  1  m  (3  ft.),  as  recom- 
mended, for  example,  in  Australia13. 

There  is  no  advantage  in  exceeding  a  depth  of  1.1  m  (3  ft.  6  in.);  since  the  increase  in  the 
mass  of  water  in  the  circuit  has  only  a  negligible  influence  on  the  cooling.  The  surface  area 
only  is  important. 


Area  of  the  pond.  The  area  of  the  pond  is  important  on  account  of  the  necessity  of  arrang- 
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ing  the  nozzles  so  that  the  curtains  of  water  formed  by  them  do  not  overlap  or  interfere  with 
each  other,  and  so  that  air  may  circulate  between  the  sprays. 

The  area  of  the  pond  is  deduced  from  the  quantity  of  water  which  it  can  treat  per  hour 
per  unit  area  of  the  pond.  Tromp14  suggests  120  lb. /sq.ft. /h,  Webre  and  Robinson15  150 
lb./sq.ft./h.  Other  figures  given  are  in  kg/mVh  (lb./sq.ft./h): 


Minimum       Maximum  Mean 


Hawaii16  700  (145)       820(168)  760(156) 

Queensland13  650(133)       825(170)       740  (152) 


Among  French  manufacturing  firms,  Fives  Lille  bases  its  calculations  on  800  kg/mVh  (164 
Ib./sq.ft./h). 

We  consider  that  the  best  value  to  adopt  is: 


=  750  kg/mVh  (154  lb./sq.ft./h) 


(40.36) 


Qt  =  weight  of  hot  water  to  be  treated,  in  kg/h  (lb./h),  given  by  eqn.  (40.25) 
S    -  area  of  the  pond,  in  m2  (sq.ft.),  not  including  the  excess  of  the  margins  of  safety 
(40.38)  over  the  half  intervals  a  and  b  (40.37). 
There  is  no  advantage  in  adopting  an  excessive  surface  area  for  the  pondna.  The  water  in 
the  pond  is  heated  by  the  sun,  especially  in  regions  where  it  is  not  protected  by  the  cones  of 
the  sprays,  and  this  solar  heating  is  proportional  to  the  exposed  surface. 

Disposition  of  the  nozzles.  A  system  of  piping  is  generally  arranged  above  the  pond,  with 
diameters  constant  or  progressively  decreasing;  on  these  pipes  are  placed  the  nozzles  in  a  stag- 
gered arrangement  (Fig.  40.19). 


Hot  water 


Cold  water 


Fig.  40.19.  Spray  pond.  Arrangement  of  nozzles. 


The  spacing  between  pipes,  and  distance  between  nozzles  on  each  pipe,  will  depend  on  the 
size  of  the  cone  of  water  given  by  each  nozzle.  With  ordinary  types,  we  may  take  approx- 
imately: 
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a  =  2.5 — 4  m  (8  — 13  ft.)  between  pipes 
b  -  2-2.5  m  (7-8  ft.)  between  nozzles  on  each  pipe 


(40.37) 


The  curbstone  of  the  low  wall  enclosing  the  pond  should  be  sloped  towards  the  inner  side. 
A  sufficient  distance  between  the  peripheral  nozzles  and  the  outer  edge  of  the  wall  will  be 
arranged  as  follows: 

Windward  side  3-4  m  (10-13  ft.) 
Leeward  side     6-8  m  (20-25  ft.) 


It  is  relevant  to  remark  that  the  efficiency  of  the  spray  pond  is  much  lower  in  the  centre 
than  at  the  sides.  For  this  reason,  it  is  advantageous  to  make  the  pond  long  and  narrow;  this 
obviously  increases  the  cost. 

Nozzles.  Types.  There  are  many  types  of  nozzle.  Most  of  them  aim  to  give  a  water  spray 
the  form  of  a  hollow  cone,  either  by  forming  this  cone  at  the  start  by  the  shape  of  the  nozzle, 
or  by  giving  to  the  water  a  centrifugal  or  turbulent  movement. 

In  Queensland171',  comparisons  have  been  made  between  three  types  of  nozzle:  conical 
jet,  vortex  and  evolule  types,  and  the  conical  jet  nozzles  have  been  found  superior,  as  regards 
capacity  and  efficiency. 

Figure  40.20  shows  a  good  design  of  nozzle. 

A  good  spray  nozzle  should  be  of  simple  design,  readily  dismantled,  and  should  not  have 
any  portion  with  a  cross-section  smaller  than  that  of  the  outlet  orifice,  which  might  catch 
foreign  bodies  in  the  water  and  block  the  nozzle.  Alternatively,  such  a  portion  should  be  plac- 


Fig.  40.20.  Nozzle  for  spray  pond  (A. 
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ed  in  such  a  way  that  the  foreign  body  can  be  readily  removed  by  quickly  dismantling  the 
nozzle. 

Pressure.  The  pressure  generally  utilised  at  the  nozzles  varies  from  400  to  700  g/cm2  (6-10 
p.s.i.),  say  4-7  m  (13-23  ft.)  of  water.  In  Queensland™  a  pressure  of  10  p.s.i.  has  been 
recommended;  Tromp14  estimates  that  the  optimum  pressure  is  500  g/cm2  (7  p.s.i.)  or  5  m 
(16  ft.)  of  water,  and  such  a  figure  is  generally  favoured. 

Capacity.  The  quantity  of  water  delivered  by  a  nozzle  is  given  by: 


q  ^  3,600  ^f2gH  (  3,600  - 

10,000       S  \    1  144 


or: 


q  =  0.36cs  ^TlgH        (25  cs  yflgH)  (40.39) 

q  —  capacity  of  the  nozzle,  in  mVh  (cu.ft./h) 
c    =  contraction  coefficient 

s    =  cross-section  of  the  delivery  orifice  of  the  nozzle,  in  cm2  (sq.in.) 
g   =  9.8  m/s2  (32.16  ft./s2) 

H  -  pressure  of  water  at  the  nozzle,  in  m  (ft.)  of  water. 
Or  again: 

q=  1.6  cs^J~H         (200  cs^TH)  (40.40) 

in  the  same  units. 

The  coefficient  c  varies  according  to  the  type  of  nozzle.  We  may  take: 

(a)  Nozzles  giving  jets  of  water  normal  to  the  section  of  the  orifice  c  =  0,5-0.7 

(b)  Nozzles  of  vortex  type  c  -  0.4-0.5. 

Nozzles  with  unit  capacity  of  the  order  of  5  mVh  (170  cu.ft./h)  under  a  head  of  5  m  (16 
ft.)  are  generally  used. 

We  may  comment  that  the  area  of  the  spray  pond  corresponding  to  one  nozzle  should  be 
proportional  to  its  capacity,  if  the  ratio  Q2/Sdetermined  by  eqn.  (40.36)  is  used,  say: 

=  9  =  750  kg/m2/h  (154  lb./sq.ft./h)  (40.41) 
S  ab 


Hence: 


ab      —  ( —\  (40.42) 

=  750  V  154/ 


a   =  spacing  between  the  pipes  carrying  the  nozzles,  in  m  (ft.) 
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b   =  distance  between  nozzles  on  each  pipe,  in  m  (ft.) 
q   =  output  of  each  nozzle,  in  kg/h  (Ib./h). 

Number  of  nozzles.  The  number  N  of  nozzles  is  obtained  immediately: 

N  =  —  (40.43) 
<7 

N  =  number  of  nozzles  for  the  spray  pond 

Q2  =  quantity  of  warm  water  to  be  cooled,  in  mVh  (cu.ft./h  or  Ib./h),  given  by  eqn.  (40.25) 
q    =  capacity  of  warm  water  of  each  nozzle,  in  mVh  (cu.ft./h  or  Ib./h). 

Loss  of  water.  A  small  proportion  of  the  water  is  evaporated  due  to  the  breaking  up  of 
the  water  into  drops  by  the  sprays.  Further,  the  wind  carries  away  some  of  the  fine  drops 
thrown  up. 

Leading  authors  attribute  to  these  losses  the  values  given  in  Table  40.20. 

TABLE  40.20 

LOSS  OF  WATER  FROM  SPRAY  POND  (°7<s) 

Evaporation    Entrainment  Total 


Deerr"  3-5 
Webre  and  Robinson19  3 
Tromp20  2.6  3  5.6 


The  total  loss  should  be  of  the  order  of  3-5%,  according  to  the  strength  of  the  wind. 
Now,  if  3-5%  of  the  water  leaves  the  circuit,  during  the  cooling,  there  returns  to  the  con- 
denser: 

W 

since  Wkg  of  cold  water  condense  1  kg  of  vapour  from  the  juice. 
The  nett  loss  is  then: 

100 

e  =  V  ~    (40.44) 

W 

e    =  nett  loss  of  water,  %  of  water  in  circuit  Qi 

<p  -  approximate  total  loss  by  evaporation  and  entrainment,  %  of  Q2 

W  =  ratio  between  weight  of  cold  water  and  weight  of  vapour  to  be  condensed. 

Since  the  quantity  of  water  in  circuit  must  not  diminish,  it  is  therefore  necessary  to  add 
to  the  circuit  a  make-up  quantity  equal  to  the  nett  loss  e  (Fig.  40.21). 
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Condenser 

Vapour  _ 


Make-up  £ 

2 


Cold  water 


98 

Cooler 

spray  pond 

100 

C  V  " 

Loss 


Fig.  40.21.  Condenser  water  cycle. 


We  may  comment  that  if  it  were  possible  to  reduce  the  gross  loss  in  the  cooling  system  to 
the  value  1/W^the  make-up  would  become  unnecessary;  say: 


100 

w 


(40.45) 


Unfortunately,  it  is  difficult  to  achieve  this,  even  with  a  good  spray  pond  and  a  low 
vacuum.  For  some  factories  at  which  the  supply  of  cold  water  falls  to  very  low  levels  during 
the  dry  season,  it  is  necessary  to  make  every  effort  to  approach  this  goal.  The  best  method 
is  to  increase  the  safety  margin  at  the  wall  of  the  pond  on  the  leeward  side  (40.38)  and  to 
block  up  carefully  all  leaks  which  may  appear.  It  is  also  necessary  to  take  care  that  other 
waters  in  the  factory  (cooling  water  at  mill  bearings,  or  water  used  in  the  oil  cooler  of  the 
turbo  set;  condensate  from  later  effects,  etc.)  should  not  be  sent  to  the  drain  or  wasted. 

The  quantity  of  make-up  water  necessary  will  be: 


E  = 


QWe 
100 


(40.46) 


Example.  With: 

Q  =  300  kg  (672  pounds)  of  vapour  to  be  condensed  per  tonne  of  cane 

W=  50 

e   =  2% 

we  shall  have: 


E  =  300  1/t.c.  (672  lb./t.c.) 


If,  as  in  this  case,  We/ 100  =  1,  we  shall  have  E  =  Q.  That  is,  the  make-up  water  would 
be  approximately  equal  to  the  weight  of  vapour  to  be  condensed. 
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Forced-draught  cooling  towers 

These  take  the  form  of  a  large  rectangular  concrete  structure.  The  water  is  pumped  to  the 
top  and  broken  up  into  sprays;  it  falls  as  rain  on  to  successive  stages  of  boards  in  the  form 
of  louvres  of  wood,  polystyrene  or  metal,  with  notches  and  ribs  to  break  up  the  flow.  The 
water  flows  from  one  stage  to  the  next  and  finally  arrives  at  the  pond  which  forms  the  base 
of  the  structure,  from  which  it  is  taken  by  the  cold  water  pump. 

The  efficiency  of  this  device  depends  essentially  on  climatic  conditions,  in  particular  the 
wet-bulb  temperature  and  the  relative  humidity  of  the  ambient  air.  The  quantity  of  water  re- 
quired is  calculated  as  indicated  on  p.  864,  formulae  (40.5)  and  (40.6).  It  is  of  the  order  of 
10-15mVt.c.h. 

The  wet-bulb  thermometer  indicates,  according  to  atmospheric  humidity,  3-5°C  lower 
than  the  dry-bulb  temperature.  Calculations  are  made  on  the  assumption  of  75  -  80%  relative 
humidity.  The  drop  in  temperature  of  the  water  is  approximately  12-  15°C. 

The  fans  are  of  axial  flow  type  of  large  diameter  (3  —  8  m  in  general:  10  —  26  ft.).  The  cool- 
ing assembly  is  divided  into  several  sections  (2-6  generally).  Power  consumption  is  approx- 
imately 75  -  HOkW/1000  mVh  (2-3  kW/cu. ft.)  according  to  the  heat  quantities  involved, 
or  5-6  kW/million  kcal  (1.25-1.50  kW/million  B.T.U.). 

Losses  of  water  are  approximately  0.5  kg/tonne  of  circulated  water  by  entrainment,  and 
2-3.5%  by  evaporation.  The  approach  (difference  between  the  temperature  of  the  cold 
water  and  the  wet-bulb  temperature)  may  be  as  low  as  2.5°C.  French  makers  of  this  equip- 
ment are  Hamon,  Scam,  and  Jacir. 

The  advantage  of  this  cooling  equipment  is  its  relatively  low  space  requirement,  compared 
with  spray  ponds.  The  disadvantage  is  the  power  consumption,  roughly  triple  that  of  spray 
ponds,  when  water  pumps  are  included. 

Water  requirements  of  the  factory 

Since  the  condenser  water  is  one  of  the  large  water  requirements  of  the  sugar  factory,  this 
is  a  convenient  point  to  discuss  the  water  requirements  in  general213. 

(1)  Boilers.  Taking  the  total  steam  requirements  as  450  kg/t.c.  and  expressing 
the  capacity  of  the  factory  in  t.c.h.  as  A.  Water  for  the  boiler  plant  must  be  assum- 


ed as  10-  15%,  normally  10%.  We  have  then  0.05 A 

(2)  Washing  of  cane.  Depends  on  conditions 

(3)  Cooling  mill  bearings;  assuming  5  mills,  say  0.20.4 

(4)  Imbibition.  Assuming  30%  0.30 A 

(5)  Filtration.  Assuming  water  100%  on  cake  (p.  482)  0.04,4 

(6)  Cooling  A  massecuites:  with  a  Werkspoor,  we  may  reckon  1.5  1/1  of  m,c. 

and  130  1/1  ofm.c./t.c.                 =  0.130  x  1.5  0.20 A 

Cooling  B  m.c.  Similarly:               0.060  x  1.5  0.09.4 

Cooling  C  m.c.  Similarly:               0.040  x  1.5  0.06A 

Movement  water  for  pans  0.02/1 

(7)  Water  for  coolers:  See  above  0.30  A 

(8)  Washing  at  centrifugals  0.01  A 


\.21A 
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RAIN  TYPE  CONDENSERS 

These  are  condensers21  b'c  in  which  the  water  enters  at  the  top  on  to  a  perforated  plate  which 
is  furnished  with  a  flanged  edge.  The  size  of  the  holes  is  not  of  great  importance:  a  diameter 
of  15  mm  may  be  adopted.  The  water  then  falls  as  rain  through  the  whole  height  of  the  con- 
denser. The  vapour  to  be  condensed  arrives  at  the  bottom.  It  is  necessary  that  the  lateral 
flange  on  the  plate,  which  forms  a  bowl,  should  also  be  perforated  so  that  the  water  flows 
in  lateral  jets  which  strike  the  wall  of  the  condenser.  A  good  proportion  of  the  condensation 
is  actually  effected  on  the  wall.  The  openings  in  the  plate  should  indeed  be  calculated  so  that, 
when  the  condenser  is  working  at  full  capacity,  there  remains  an  excess  of  water  overflowing 
the  flange  of  the  plate. 

The  annular  space  between  the  empty  plate  and  the  wall  of  the  condenser  should  be  suffi- 
cient to  allow  the  full  flow  of  water  to  pass,  in  case  the  holes  become  totally  obstructed. 
Otherwise,  water  would  enter  into  the  vapour  pipe. 

It  is  very  important  to  allow  sufficient  height  between  the  entry  plate  and  the  top  of  the 
vapour-entry  pipe.  A  minimum  of  1.8  m  is  recommended,  though  1.5  m  may  sometimes  be 
sufficient;  however,  a  height  of  2.40  m  is  generally  adopted. 

The  water  should  enter  axially  at  the  top  of  the  condenser.  The  central  part  of  the  plate 
should  remain  unperforated,  for  a  diameter  10  cm  greater  than  that  of  the  water  pipe.  It  is 
equally  important  to  arrange  the  incondensible-gas  pipe  at  the  top  of  the  condenser. 

The  total  area  of  the  holes  should  be  three  times  that  of  the  water  inlet  pipe.  The  pipe 
should  be  placed  near  the  centre  of  the  condenser,  and  its  area  should  be  equal  to  0.16%  of 
the  cross-section  of  the  condenser,  thus  its  diameter  some  6%  that  of  the  condenser.  This 
type  of  condenser  permits  of  an  approach  of  the  order  of  2-5°C,  generally  3°C. 

A  number  of  tubes  will  be  placed  passing  through  the  plate,  and  serving  for  the  passage 
of  incondensables.  Their  total  cross-section  should  exceed  that  of  the  incondensable  outlet 
pipe.  The  cross-section  of  the  condenser  should  be  0. 1  — 0.2  mVt/h  of  vapour  to  be  condens- 
ed. 


CONDENSER-HEATERS 

The  raintype  of  condenser  may  be  used  for  heating  juices  and  so  replacing  the  tubular  heaters 
previously  described  (Chapter  30).  It  is  essentially  a  matter  of  feeding  juice  to  the  condensers 
instead  of  cold  water;  the  juice  must  be  screened  very  thoroughly  so  that  particles  of  solid 
matter  do  not  obstruct  the  perforations  of  the  condenser  plate.  This  system  has  several  ad- 
vantages: 

(a)  It  eliminates  the  tubular  heaters,  which  are  much  more  expensive  than  the  cylindrical 
condenser  bodies. 

(b)  It  eliminates  the  cleaning  of  heater  tubes,  which  is  expensive  both  in  labour  and  tools. 

(c)  It  reduces  the  quantities  of  hot  water  to  be  sent  to  the  coolers,  which  involve  two  large 
pumps,  large  piping  and  a  large  cooler. 

On  the  other  hand,  it  has  a  disadvantage:  it  greatly  increases  the  volume  of  juice  to  be 
evaporated,  which  is  increased  by  the  quantity  of  vapour  condensed  in  the  condenser-heaters. 
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It  is  appropriate  in  this  connection,  to  note  that  their  efficiency  is  100%,  as  against  95%  for 
tubular  heaters. 

We  give  an  interesting  example  of  calculations  for  evaporation  with  heating  of  the  juices 
by  condenser-heaters.  Consider  a  factory  to  be  constructed,  very  modern,  of  100  t.c.h. 
capacity  with  mixed  juice  100%  on  cane,  carrying  out  all  its  heating  with  vapour  from  the 
juice,  including  vacuum  pans,  and  equipped  with  an  evaporator  set  composed  of: 


1st  vessel  with  downward  flow: 
2nd  vessel  ordinary: 
3rd  vessel: 
4th  vessel: 


giving  vapour  of: 
giving  vapour  of: 
giving  vapour  of: 
giving  vapour  of: 


130°C 
118°C 
105°C 
85°C 


with  the  following  scale  of  heating  by  condenser-heaters: 


No.  1  on  4th  vessel: 
No.  2  on  3rd  vessel: 
No.  3  on  2nd  vessel: 
No.  4  on  1st  vessel: 


30-  60°C 
60-  80°C 
80-  100°C 
100-  120°C 


The  massecuites  being  heated  as  follows: 

A  m.c.  140  1/t.c.  X  1.47  x  0.275  X  1.2  =  68  kg/t.c.  =  6,800  kg/h  from  2nd  V. 
B  m.c.  54  1/t.c.  X  1.47  x  0.275  x  1.2  =  26  kg/t.c.  =  2,600  kg/h  from  3rd  V. 
C  m.c.   37  1/t.c.  X  1.47  x  0.36    x  1.2  =  23  kg/t.c.  =  2,300  kg/h  from  3rd  V. 

or: 

6,800  kg  of  vapour  from  2nd  vessel  (15,232  lb./h) 
4,900  kg/h  of  vapour  from  3rd  vessel  (10,976  Ib./h) 

The  quantities  of  vapour  required  for  condensation  in  the  four  condenser-heaters  will  be: 

NO.  , .    q=  wo^oojLMiM^gi _  4  m  kg/h 

548 


No.  2. 


Q3  = 


1^000^0.9  (  80_-_60) 
536 


-    3.358  kg/h 


100,000  x  0.9  (100  -    80)  ,  ., 

No.  3f  Q2  =  :  — —   -  =  3.415  kg/h 


W  i  q,  =  -  JWMJL  &?  m  ^L°°L  =  3.468  kg/h 


My 


15,168  kg/h  (33,977  Ib./h) 


13S°C 


130  °t 
33,565 


30,097 


3.(68 


81.603 


115,168 


CUITE  A 


6800 


CUITE    8  +  C 
1 


118°  t 
30,097 


1  9.8  82 


3,415 


51^06 


100°c 


111,700 


105°t 
19,862 


11621. 


3,3  68 


31,624 


808t 


08,2%  5 


85°  « 
1U2i. 


6,6  97 


4,927 


20,000 


60°t 


104,927 


100,000 


Fig.  40.22.  Quadruple  effect  partly  under  pressure  with  bleeding  for  pans  and  direct  contact  heaters  (100  t.c.h.  factory,  metric  units). 
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This  quantity  of  water  must  be  evaporated  completely. 

Designating  by  x  (Fig.  40.22)  the  quantity  of  vapour  leaving  the  last  vessel  to  the  general 
condenser,  we  have  the  following  disposition  of  the  evaporation: 

4th  vessel:  x  +  4,927 

3rd  vessel:  x  +  4,927  +  4,900  +  3,358 

2nd  vessel:  x  +  4,927  +  4,900  +  3,358  +    6,800  +  3,415 

1st  vessel:  x  +  4,927  +  4,900  +  3,358  +   6,800  +  3,415  +  3,468 


80,000  +  15,168  =  4x  +  19,708  +  14,700  +  10,074  +  13,600  +  6,830  +  3,468 

x  =  95^168^68^380^^6^788  =  6>69?  Rg/h       ^  [b  /h) 
4  4  ~ 

Hence  the  individual  evaporations: 

4th  vessel:    6,697  +  4,927  =  11,624 

3rd  vessel:  11,624  +  4,900  +  3,358  =  19,882 
2nd  vessel:  19,882  +  6,800  +  3,415  =  30,097 
1st  vessel:  30,097  +  3,468  =  33,565 


95,168  kg/h  (213,176  Ib./h) 

The  heating  by  condenser-heaters  thus  involves  the  factory  in  a  19%  additional  evapora- 
tion load,  and  consequently  it  requires  a  multiple  effect  19%  larger;  but  it  consumes  only 
a  total  of  336  kg  steam  per  t.c.h.,  heating  and  pans  included,  if  a  complete  solution  is 
adopted  such  as  described  above. 


JET  CONDENSERS 

Principle 

Jet  condensers  were  first  placed  on  the  market  by  Schutte-Koerting  about  1930.  They  are  bas- 
ed on  the  dynamic  effect  of  jets  of  water  which,  penetrating  into  the  body  of  water  in  the 
barometric  column,  entrain  with  them,  by  friction,  the  air  contained  in  the  condenser.  If  the 
cross-section  of  the  barometric  column  is  small  enough  to  ensure  a  suitable  velocity,  the  bub- 
bles of  air  do  not  rise  into  the  condenser  and  are  evacuated  to  the  well  at  the  foot  of  the  col- 
umn. 

It  is  thus  possible  to  operate  a  condenser  system  without  an  air  pump.  This  eliminates  an 
expensive  and  cumbersome  machine,  with  its  operating  maintenance  costs. 

The  design  of  the  condenser  is  similar  in  all  points  to  that  of  an  ordinary  co-current  con- 
denser (Fig.  40.23).  It  is  even  simpler,  due  to  the  elimination  of  baffles,  which  would  impair 
the  velocity  of  the  jets. 

Only  the  design  of  the  nozzles  and  the  direction  of  the  jets  require  some  care,  in  order  to 
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6  spray  nozzles 


Deflector  cone 


Manhole 


Central  injectors 


Fig.  40.23.  Multi-jet  condenser  (Fives  Cail- Babcock). 


obtain  clean  and  smooth  jets  of  water,  to  ensure  the  correct  direction  of  the  jets,  to  achieve 
the  necessary  entrainment  of  the  air  and  an  effective  penetration  into  the  water  in  the 
column. 

Calculations 

Calculations  for  jet  condensers  are  made  exactly  as  for  ordinary  condensers  (cf.  p.  857  et 
seq.).  The  only  points  of  difference  are  the  following: 

(a)  Approach.  The  approach  is  not  given  by  eqn.  (40.10).  It  depends  on: 

(1)  The  magnitude  of  air  leakages.  The  greater  these  are,  the  worse  will  be  the  approach. 

(2)  The  vacuum  desired.  The  higher  the  vacuum,  the  more  difficult  the  approach. 

(3)  The  dimensions  of  the  condenser.  The  larger  the  condenser,  the  better  the  approach. 
We  may  take  as  approach  the  figure  given  by  the  following  empirical  formula: 


App  -  0.3  (10  +  R) 


79  _  fj  4,000  -  Q, 
7(T-~J{  ~4^000 


25  (22  +  R) 


31.2  -  H  140,000 


30  -H 


140,000 


(40.47) 
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App  =  approach  =  tv  -  t2  =  difference  between  the  temperature  of  the  hot  water  leaving 

the  condenser  and  that  of  the  vapour  entering,  in  °C  (°F) 
R     =  leakages  of  air  into  the  vessel  served  by  the  condenser,  in  kg  (lb.)  air/h 
H     =  vacuum  to  be  maintained  in  the  condenser,  in  cm  (in.)  of  mercury 
Q\     =  quantity  of  cooling  water  given  by  eqn.  (40.24),  but  expressed  in  mVh  (cu.ft./h)  (the 

formula  is  valid  only  for  Qx  ^  2,000  mVh  (70,000  cu.ft./h). 
The  figures  for  air  leakage  will  be  determined  by  the  procedure  explained  on  p.  878.  For 
a  normal  installation,  the  following  figures  may  be  used: 


R  =  10  kg/h  (22  lb./h)  as  normal  minimum 
R  =  15  kg/h  (33  Ib./h)  as  an  average  value 
R  =  20  kg/h  (44  Ib./h)  as  a  high  value 


However,  leakages  appreciably  greater  are  sometimes  encountered. 

Tromp22  quotes  an  approach  of4-5°C  (8°F)  for  ajet  condenser;  more  generally8,  a  range 
of  7-15°C  (12-27°F),  with  a  mean  of  11°C  (20°F)  is  reported,  according  to  the  fluc- 
tuations in  the  quantity  of  vapour  to  be  condensed. 

(b)  Water  pressure.  Jet  condensers  operate  under  a  relatively  low  water  pressure.  This 
pressure,  somewhat  higher  in  older  designs,  has  been  reduced  to  a  very  low  figure  in  more 
recent  designs.  In  fact,  certain  condensers  operate  with  the  water  reaching  the  nozzles  under 
a  slight  vacuum;  but  this  is  exceptional. 

The  water  pressure  should  be  a  function  of  the  air  leakage.  It  will  be  prudent  to  base 
estimates  on  the  minimum  values  given  in  Table  40.21,  i.e.  approximately  0.1  m  water/kg/h 
(0.15  ft. /lb./h)  of  air  leakages.  These  figures  are  gauge  pressures,  i.e.  pressures  above  at- 
mospheric. 

It  follows  that,  when  a  vacuum  exists  in  the  condenser,  the  water  enters  the  condenser  with 
a  pressure  for  example  of: 


1.5  +  9  =  10.5  m  (35  ft.) 


9  m  (30  ft.)  being  the  pressure  corresponding  to  66  cm  (26  in.)  of  mercury. 


TABLE  40.21 


PRESSURE  OF  WATER  AT  NOZZLES  OF  JET  CONDENSERS 

Air  leakages  Pressure  at  nozzles 

kg/h  kg/ cm2        m  water 


Low  10  O-  1  O1.0 

Moderate  15  0.15  1.5 

High  20  0.20  2.0 


However,  it  is  necessary  to  assure  the  required  pressure  at  starting  up,  when  the  vacuum 
has  not  yet  been  established.  A  value  of  400  g/cm2  =  4  m  (6  p.s.i.  =  14  ft.)  of  water  would 


900 


VACUUM  EQUIPMENT 


Ch.  40 


be  sufficient.  The  characteristic  curve  of  the  injection  water  pump  should  therefore  permit 
of  a  small  discharge  with  a  pressure  of  4  m  (14  ft.)  at  the  top  of  the  condenser.  This  is  the 
pressure  head  which  should  be  adopted  for  specifications  of  the  pump,  and  which  should  be 
added  to  the  geometric  height  of  the  nozzles,  without  allowing  for  vacuum  (cf.  p.  883). 

It  will  be  advisable  to  provide  the  suction  of  the  pump  with  an  efficient  screen,  so  that 
pieces  of  bagasse  or  other  foreign  bodies  will  not  be  liable  to  block  the  nozzles. 

Table  40.21  is  applicable  for  normal  temperatures  of  cooling  water.  If  it  is  necessary  to 
use  cooling  water  at  a  temperature  of  A  greater  than  or  equal  to  35°C  (95°F),  it  will  be  ad- 
visable to  increase  the  pressure  at  the  nozzles  substantially. 

(c)  Barometric  column.  For  ease  of  construction,  the  barometric  column  is  generally 
designed  so  as  to  obtain  a  constant  loss  of  head.  According  to  the  formula  of  Darcy: 

/  =  4  b  (40.48) 

/  =  loss  of  head  in  a  nozzle,  e.g.  in  tn/m  (ft. /ft.) 

b  =  coefficient  varying  slightly  with  the  diameter 

V  -  velocity  of  water  in  the  nozzle,  in  m/s  (ft./s) 
D  =  diameter  of  the  pipe,  in  m  (ft.). 

Neglecting  the  variations  in  the  coefficient  b,  and  in  using  for  it  a  mean  value  of  0.0004 
(0.00012),  we  have: 

/  =  0.0016  —  1 0.0005  —  j  (40.49) 

For  jet  condensers,  we  generally  take: 

/  =  0.064       or      —  =  40  (130)  (40.50) 

u 

or  expressing  V  in  m/s  (ft./s)  and  D  in  dm  (in.): 

V  =  2yf~D          (3.3  (40.51) 

V  =  apparent  velocity,  in  m/s  (ft./s),  of  the  water  flowing  down  the  column,  neglecting  the 

air  entrained  with  it. 
D  =  interior  diameter  of  the  column,  in  dm  (in.). 

The  velocity  will  thus  reach  2  m/s  (6.6  ft./s)  in  a  column  of  10  cm  (4  in.)  diam.,  and  4 
m/s  (13.2  ft./s)  in  one  of  40  cm  (16  in.)  diam.  These  velocities  are  sufficient  to  promote  en- 
trainment  of  the  air  bubbles,  but  they  should  not  be  allowed  to  fall  below  half  or  two-thirds 
of  these  values,  otherwise  entrainment  of  the  air  will  not  be  ensured. 
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Use  of  jet  condensers 

Jet  condensers  require  vessels  well  protected  against  air  leakages,  to  which  they  are  much 
more  sensitive  than  condensers  fitted  with  an  air  pump.  However,  when  this  condition  is 
fulfilled,  they  function  very  well,  and  the  elimination  of  the  air  pump  constitutes  an 
economy. 

They  will  not  be  employed  for  a  central  condensing  system  on  account  of  the  greater  extent 
of  air  leakages  in  this  case.  However,  they  constitute  a  good  solution  with  individual  con- 
densers. 

They  are  less  flexible  than  condensers  with  air  pumps,  as  regards  the  quantity  of  injection 
water,  which  can  vary  only  between  appreciably  narrower  limits.  The  vacuum  which  they  give 
is  similarly  less  uniform,  and  varies  slightly  with  the  temperature  of  the  hot  water,  which  in 
turn  depends  on  the  quantity  of  vapour  to  be  condensed.  However,  this  drawback  has  no 
great  importance  in  the  case  of  individual  vacuum.  They  have  a  high  water  consumption  and 
require  more  powerful  pumps  with  consequent  high  electric  power  demand. 


STEAM- JET  EJECTOR  CONDENSERS 

Apart  from  jet  condensers,  there  is  another  method  of  eliminating  the  air  pump:  this  consists 
of  evacuating  the  air  by  means  of  an  ejector  condenser  actuated  by  steam. 


Air 


Fig.  40.24.  Ejector-condenser. 


902 


VACUUM  EQUIPMENT 


Ch.  40 


This  device  is  connected  to  the  air  outlet  of  the  condenser  (Fig.  40.24).  Medium-pressure 
steam,  5-10  kg/m2  (70-  140  p.s.i.),  is  admitted  to  a  nozzle  and  entrains  the  air  by  friction 
towards  the  well  at  the  foot  of  the  column,  directly  to  atmosphere,  or  to  a  second  small  con- 
denser which  condenses  the  steam. 

The  advantages  of  this  system  over  the  air  pump  are23: 

(1)  Space  occupied  is  less  and  practically  negligible. 

(2)  No  foundations  are  required. 

(3)  There  are  no  moving  parts.  Hence  no  lubrication,  no  stuffing  boxes,  no  wear,  no  parts 
to  replace  (other  than  the  nozzle,  which  is  insignificant  and  lasts  several  years). 

(4)  Cost  is  much  lower,  about  half. 

Moreover,  the  volumetric  efficiency  of  an  air  pump  decreases  rapidly  as  the  vacuum  in- 
creases, whereas  an  ejector  condenser  is  designed  for  a  given  vacuum,  for  which  its  efficiency 
will  be  an  optimum. 

On  the  other  hand,  it  follows  that,  at  starting  up,  its  efficiency  will  be  low  since  it  has  not 
yet  attained  the  desired  vacuum.  Hence  a  long  delay  before  the  desired  vacuum  is  attained, 
at  starting  up. 

This  disadvantage  is  sometimes  overcome  by  the  installation  of  a  special  ejector  for  star- 
ting up,  which  is  used  only  for  raising  vacuum  in  the  pan  and  which  is  shut  down  when  the 
vacuum  reaches  about  50  cm  (20  in.),  after  starting  up  the  ejector  for  normal  service. 

The  steam  ejector  condenser  has  another  disadvantage:  when  the  condenser  water  is  sent 
to  a  spray  pond  or  cooling  tower,  its  temperature  is  increased  due  to  the  heat  of  condensation 
of  the  injected  steam. 

Number  of  stages 

The  air  may  be  extracted  in  two  stages:  (1)  from  the  large  condenser  to  the  small  one;  (2) 
from  the  small  condenser  to  another  still  smaller.  In  the  latter  case  it  is  termed  a  two-stage 
ejector. 
General  practice  employs.* 

(a)  Single-stage  ejectors  for  vacua  up  to  66  cm  (26  in.),  used  for  vacuum  filters  or  as 
starting-up  ejectors. 

(b)  Two-stage  ejectors  for  vacua  up  to  75  cm  (29.5  in.).  These  are  generally  used  for  multi- 
ple effects  and  vacuum  pans. 

The  normal  installation  thus  consists  of  the  first-stage  ejector,  drawing  vapour  from  the 
condenser  and  discharging  into  a  second  small  condenser,  or  "inter-condenser";  then  the 
second-stage  ejector  drawing  from  the  inter-condenser  and  discharging  to  atmosphere, 
preferably  by  a  pipe  discharging  into  the  well  at  the  base  of  the  barometric  column  which 
thus  receives  water  from  the  three  columns:  those  of  the  two  condensers  and  that  of  the  last 
ejector.  "  Ji 

Steam  consumption 

The  steam  consumption  is  proportional  to  the  quantity  of  air  extracted.  In  order  to  obtain 
a  suitable  steam  consumption,  it  is  necessary  to  use  actuating  steam  at  a  pressure  between 
5  and  10  kg/cm2  (70  and  140  p.s.i.).  Steam  consumption  decreases  as  the  pressure  of  the  ac- 
tuating steam  is  increased.  Above  10  kg/cm2  (140  p.s.i.),  the  saving  becomes  smaller  and 
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smaller.  Below  5  kg/ cm2  (70  p.s.i.),  the  consumption  increases  very  rapidly. 

The  heat  content  of  the  expanded  actuating  steam  may  be  recovered  by  collecting  it  for 
use  in  a  heat  exchanger.  However,  the  steam  consumption  of  the  ejector  increases  very  rapid- 
ly with  back  pressure  (see  Table  40.22). 

TABLE  40.22 

RELATIVE  STEAM  CONSUMPTION  OF  EJECTOR  CONDENSERS  WITH  DIFFERENT 

BACK  pressures  (after  Hellmer24) 


Back  pressure  (g/cm2)         Relative  steam  consumption 


0 

100 

200 

106 

300 

125 

400 

140 

500 

160 

600 

200 

700 

400 

The  steam  consumption  of  an  ejector  increases  with  the  vacuum  sought.  According  to  the 
vacuum,  the  pressure  and  the  number  of  stages,  it  varies  from  2  to  JO  kg/kg  (]b./lb.)  air  ex- 
tracted. With  a  vacuum  of  66  cm  (26  in.),  steam  at  6  kg/cm2  (85  p.s.i.),  a  back  pressure  of 
50  g/cm2  (0.7  p.s.i.),  and  a  two-stage  ejector,  we  may  reckon  approximately: 

For  the  first  ejector:       2.5  kg  of  vapour  i 

For  the  second:  6    kg  of  vapour      f  per  kg  of  dry  air  extracted 


Or  total:  8.5  kg  of  vapour  J 

this  air  moreover  being  saturated  with  water  at  the  temperature  t\. 

Approximately,  calculations  may  be  based  on  a  total  steam  consumption  at  6-  10  kg/cm2 
(85-140  p.s.i.),  of  the  order  of  200  kg/h  (450  Ib./h)  for  a  vacuum  pan,  and  300-400  kg/h 
(650  -  900  Ib./h)  for  a  multiple  effect.  This  consumption  obviously  depends  not  only  on  the 
vacuum,  on  the  steam  pressure  employed  and  the  number  of  stages,  but  also  on  the  dimen- 
sions of  the  pan,  on  the  number  of  effects  and  the  temperature  of  the  cold  water  used  in  the 
condenser.  It  also  depends  on  the  material  of  construction  of  the  vessels,  all  leakages  being 
greater  in  the  cast  iron  vessel,  generally  estimated  at  double  those  with  a  corresponding  vessel 
of  steel. 

Application 

Steam  ejector  condensers  are  of  interest: 

(a)  When  air  leakages  are  small 

(b)  When  the  vacuum  is  not  too  high 

(c)  When  it  is  difficult  to  find  space  for  an  air  pump 
(«/)When  an  excess  of  steam  is  available. 

It  is  recommended  that  ejectors  of  generous  capacity  should  be  provided.  The  increase  in 
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cost  is  only  slight,  and  they  are  not  likely  to  become  rapidly  under  capacity  with  increasing 
rates. 

It  is  advisable  to  provide  efficient  insulation  for  the  pipe  carrying  the  actuating  steam,  and 
to  insert  an  efficient  water  separator  just  before  the  entry  of  this  steam  into  the  injector.  In 
the  same  way  the  actuating  steam  should  pass  through  a  filter  or  a  screen  arranged  to  retain 
possible  foreign  bodies,  and  in  particular  particles  of  rust  coming  from  the  piping. 

It  is  desirable  that  this  actuating  steam  should  be  slightly  superheated,  so  as  to  avoid  the 
risk  of  being  wet  and  saturated  at  the  nozzle.  The  ideal  would  be  to  have  dry  saturated  steam, 
but  this  condition  is  obviously  difficult  to  maintain  and  a  slight  superheat  will  maintain  a 
safety  margin.  An  excess  of  superheat  would  be  harmful  as  it  would  decrease  the  density  and 
consequently  the  entraining  effect  of  the  steam.  Wet  steam,  on  the  other  hand,  is  also 
undesirable,  since  the  droplets  of  water  will  cause  erosion  of  the  nozzle. 

As  with  thermo-compressors,  an  ejector  functions  efficiently  only  at  the  steam  pressure  for 
which  it  has  been  designed.  Care  should  thereforebe  taken  to  maintain  its  pressure  at  the 
design  figure,  and  for  that  purpose  to  install  a  pressure  gauge  upstream  of  the  ejector. 

To  avoid  increasing  the  back  pressure  to  no  purpose,  care  will  be  taken  to  see  that  the 
discharge  pipe  into  the  well  at  the  foot  of  the  column  is  as  short  and  as  direct  as  possible, 
and  that  it  is  not  continued  too  far  below  the  safety  level  of  the  well. 

Jet  condensers  for  external  extraction  of  air 

Instead  of  steam,  extraction  of  air  may  be  effected  by  means  of  a  jet  of  water.  This  is  indeed 


Cold  woter 


Fig.  40.25.  Jet  condenser  with  externaf  extraction  of  air. 
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exactly  the  principle  of  the  jet  condenser,  the  only  difference  being  that  the  air  is  extracted 
outside  of  the  condenser. 

The  nozzle  may  be  placed  at  such  a  height  that  the  water  discharged  by  it  can  be  aspirated 
into  the  condenser.  Since  the  quantity  of  air  is  very  small,  the  water  leaves  the  nozzle  at  a 
temperature  practically  equal  to  that  at  which  it  enters.  The  difference  is  not  detectable  on 
the  thermometer. 

Consequently  a  pump  of  rather  low  head  will  suffice  (Fig.  40.25),  and  it  may  be  arranged 
so  that  it  is  not  necessary  to  pump  the  water  leaving  the  water-actuated  ejector  condenser 
which  is  used  to  ensure  condensation  in  the  barometric  column.  For  this,  it  is  sufficient  that 
the  water  level  in  the  intermediate  well  below  the  ejector  should  be  about  4  m  (13  ft.)  above 
the  level  in  the  well  at  the  foot  of  the  barometric  column.  The  water  in  this  intermediate  well 
is  thus  aspirated  into  the  condenser  as  soon  as  the  vacuum  approaches  its  normal  value. 
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41.  Steam  Production  and  Usage 


The  fibre  in  the  cane  is  generally  sufficient  to  enable  the  bagasse  produced  by  the  mills  to 
supply  all  the  steam  necessary  for  power  production  and  for  manufacture,  when  utilised  as 
fuel  in  the  boiler  furnaces. 

With  a  normal  fibre  content  (12  -  14%)  and  a  well-balanced  and  well-designed  factory,  an 
excess  of  bagasse  also  remains  (or  of  steam)  which  may  be  used  for  other  purposes:  irrigation 
pumping,  manufacture  of  by-products,  steam  for  the  distillery,  supply  of  electric  energy  to 
the  regional  network,  etc. 

We  may  comment  in  passing  that  the  cane,  which  produces  the  sugar,  supplies  at  the  same 
time  the  fuel  necessary  for  the  factory  which  handles  it;  and  also  leaves,  as  by-products  or 
waste-products: 

(a)  Molasses,  from  which  is  made  rum,  alcohol  and  sometimes  motor  fuel,  for  tractors  and 
lorries. 

(b)  Muds,  which  form  an  excellent  manure  for  the  field,  and  from  which  wax  is  sometimes 
extracted. 

(c)  Ashes,  produced  by  combustion  of  bagasse  in  the  furnaces,  which  supplement  the 
muds  in  a  most  convenient  fashion,  to  supply  a  complete  fertiliser. 

Finally,  it  should  not  be  forgotten  that  the  cane  itself  provides  the  water  necessary  for 
steam  production,  which  is  very  valuable  for  factories  which  do  not  have  access  to  an 
unlimited  supply  of  fresh  water. 

We  shall  study  successively: 

(a)  Steam 

(b)  Bagasse 

(c)  The  combustion  of  bagasse 
(cQThe  boilers  and  their  accessories 

(e)  The  general  conditions  for  steam  production  in  the  sugar  factory. 


STEAM 

Tables 

The  principal  properties  of  steam  are  given  (in  both  British  and  metric  units  on  account  of 
their  importance)  in  the  following  tables  (to  be  found  at  the  end  of  the  chapter). 

(a)  Table  41.1.  This  gives  the  properties  of  dry  saturated  steam.  A  definite  relationship  ex- 
ists between  the  pressure  and  the  temperature  of  dry  saturated  water  vapour:  if  one  of  these 
properties  is  known  the  other  is  immediately  fixed. 

However,  the  liquid  phase  ceases  at  the  critical  point,  which  corresponds  to  a  temperature 
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of  374°C  (705°F)  and  a  pressure  of  225  kg/cm2  (3,200  p.s.i.);  above  this  temperature,  water 
can  exist  only  in  the  gaseous  form. 

It  will  be  noted  that  the  total  heat  necessary  to  form  a  unit  weight  of  steam  by  no  means 
increases  proportionately  to  the  pressure.  It  increases  at  first,  though  slowly,  passes  through 
a  maximum  in  the  neighbourhood  of  30  kg/cm2  (450  p.s.i.),  and  then  decreases: 

For  a  pressure  of 

p'  =    0  kg/cm2      0  p.s.i. g.        X  =  639  kcal/kg   1,150  B.T.U./lb. 
p'  =    6  100  X  =  660  1,190 

p'  =  30  400  X  =  670  1,205 

p'  =  60  800  X  =  665  1,198 

Now  the  possibilities  of  transformation  and  utilisation  of  the  energy  contained  in  this  unit 
weight  of  steam  increase  very  rapidly  with  pressure.  Hence  the  interest  of  high  pressures:  it 
costs  hardly  any  more  in  the  way  of  heat  content  to  produce  steam  at  30  (400)  than  at  6 
kg/cm2  (100  p.s.i.). 

(b)  Table  41.2.  This  table  is  applicable  to  superheated  steam,  and  gives  the  mean  specific 
heat  of  the  steam,  at  different  pressures,  between  the  temperature  corresponding  to  satura- 
tion and  various  temperatures  of  superheat.  This  table  is  useful  for  calculations  relating  to 
superheaters,  and  permits  the  calculation  of  the  following  table. 

(c)  Table  41.3.  This  table  gives  the  total  heat  contained  in  unit  weight  of  superheated 
steam,  at  various  pressures  and  temperatures. 

(d)  Table  41.4.  This  gives  the  specific  volume  of  superheated  steam,  at  various  pressures 
and  temperatures.  This  table  is  useful  for  calculations  relating  to  steam  piping. 

Formulae 

The  formulae  (32.5),  (32.6)  and  (32.7),  while  valid  for  low  pressures,  are  only  approximate 
above  about  21  kg/cm2  (300  p.s.i.),  and  should  not  be  used  beyond  30  kg/cm2  (425  p.s.i.). 
For  high  pressures,  they  may  be  replaced  by  the  following  formulae: 

('•»»-  ««•*■ 

r  =  92.8  (374  -  l)0-315  (138.8  (705  -  00JI5)  (41.3) 

X  =  total  heat  content  of  saturated  steam  at  t°  expressed  in  kcal/kg  (B.T.U./lb.)  for  ab- 
solute pressures  above  30  kg/cm2  (425  p.s.i.) 
r   =  latent  heat  of  vaporisation  of  the  steam  at  pressures  above  30  kg/cm2  (425  p.s.i.) 
t    =  saturation  temperature  of  the  steam,  in  °C  (°F). 


*  For  eqn.  (41.1)  see  p.  1042. 


908 


STEAM  PRODUCTION  AND  USAGE 


Ch.  41 


Dryness  fraction 

Steam  produced  in  boilers  not  equipped  with  superheaters  is  generally  not  dry,  since  it  carries 
with  it  droplets  of  water.  The  dryness  fraction  x  of  a  wet  steam  is  the  quantity  of  dry  steam 
contained  in  unit  weight  of  that  steam.  Steam  of  a  dryness  fraction  x  =  0.95  contains  95% 
vapour  and  5%  water  entrained  as  droplets. 
Tromp2  gives  as  mean  values  in  the  sugar  factory,  when  there  are  no  superheaters: 

High-pressure  steam:  x  =  0.95-0.97 
Exhauststeam:  x  =  0.80-0.90 

However,  many  designers  assume  0.95  for  the  exhaust  steam  from  engines. 

A  calorimeter  for  determining  dryness  fraction  is  fully  specified  by  Tromp2  and  moreover 
is  readily  installed;  in  the  absence  of  such  an  apparatus,  we  may  adopt  as  a  first  approxima- 
tion: 

Live  steam:  x  =  0.95  ...  .. 

(41.4) 

Exhaust  steam:  x  ~  0.90 

Entropy  diagrams 

The  engineer  who  is  studying  plans  for  installations  of  boilers,  turbines  or  steam  engines  can- 
not do  without  a  steam  diagram.  This  is  a  graph  on  which  are  set  out  the  most  important 
properties  of  steam.  The  most  valuable  diagrams  are: 

(a)  The  Mol Iter  diagram  (Fig.  41  J),  which  plots  as  abscissa  the  entropy  of  the  steam  and 
as  ordinate  its  total  heat  X. 

(b)  The  entropy  diagram  (Fig.  41.2),  which  plots  as  abscissa  the  entropy  and  as  ordinate 
the  temperature  t. 


Entropy 

Fig.  41.1.  Mollier  diagram.  Significance  of  graphs. 
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Entropy  d 


Fig.  41.2.  Entropy  diagram.  Significance  of  graphs. 


The  entropy  of  steam  is  the  quantity: 

-  s:ve  (-  s:ve) 

t    -  steam  temperature 

T  =  absolute  temperature  of  the  steam  =  (273  +  t)  °C  ((459.4  +  t)  °F) 
Q  -  quantity  of  heat  involved  in  the  transformation  under  consideration. 
This  somewhat  unfamiliar  concept  of  entropy  presents  great  advantages: 

(1)  The  diagram  may  be  drawn  at  a  suitable  scale  for  giving  the  properties  of  steam  under 
all  conditions  encountered  in  practice. 

(2)  Isothermal  transformations  are  represented  on  the  entropy  diagram  by  horizontal  lines. 

(3)  Adiabatic  changes  are  represented  by  vertical  lines. 

(4)  Changes  which  involve  no  external  work  are  represented  by  lines  of  equal  total  heat. 
It  is  therefore  easy  to  trace  the  properties  of  steam  before  and  after  a  given  change  of  con- 
ditions. We  may  consider: 

(a)  Changes  at  constant  total  heat: 

Throttling  in  steam  engines. 

Expansion  without  external  work  (in  a  pressure  reducer,  for  example). 

The  variation  in  internal  energy  of  the  steam,  corresponding  to  the  drop  in  pressure,  is 
utilised  to  evaporate  the  water  contained  in  the  steam  (wet  steam)  or  to  superheat  it  (dry 
steam). 

(b)  Isothermal  changes: 

Evaporation  at  constant  pressure. 
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(c)  Adiabatic  changes: 

Compression. 

Expansion  in  a  turbine  or  steam  engine,  with  production  of  external  work.  This  is  the  most 
important  and  the  most  interesting  case  in  the  present  discussion. 

The  external  work  is  obtained  from  the  heat  given  up  by  the  steam.  The  total  heat  of  a 
unit  mass  of  steam,  the  state  of  which  is  represented  by  the  point  D  (Fig.  41.2)  by  reason 
of  the  choice  of  coordinates,  is  equal  to  the  area  OABCDd,  In  the  same  way,  the  total  heat 
relative  to  the  point  D'  will  be  equal  to  the  area  OAB'D'd.  It  is  not  necessary  to  measure 
these  areas,  however,  since  X  is  given  by  curves  placed  on  the  diagram  and  may  be  read  off 
by  interpolation. 

Example.  Assume  a  steam  turbine  receiving  steam  at  23  kg/ cm2  (327  p.s.i.a.)  and  350°C 
(662°F).  This  condition  is  represented  on  the  diagram  by  the  point  D,  intersection  of  the 
isobar  23  kg/ cm2  with  the  horizontal  350°.  The  corresponding  total  heat  is  read  off  from  the 
diagram:  =  748  kcal/kg  (1,347  B.T.U./lb.).  The  expansion  in  the  turbine  will  be  adiabatic, 
i.e.  it  will  take  place  along  a  vertical  Hne  on  the  diagram.  If  the  back  pressure  is  0.5  kg/cm2 
=  1.533  kg/cm2  abs.  (21.8  p.s.i.a.)  the  final  state  of  the  steam  will  be  represented  by  the 
point  D',  at  the  intersection  of  the  vertical  through  D  and  the  horizontal  of  1.533  kg/cm2 
(21,8  p.s.i.a.)  or  111°C  (232. 5°F).  It  is  readily  seen  on  the  diagram  that  this  point  D'  cor- 
responds to  wet  steam  of  dryness  fraction  x  =  0.935  and  of  total  heat  X  =  605  kcal/kg  (1 ,090 
B.T.U./lb.).  The  external  work  accomplished  per  kg  (lb.)  of  steam  is  then: 


T=  (748  -  605)  427  =  61,000  kgm/kg       (200,000  ft.lb./lb.) 

427  (778)  =  mechanical  equivalent  of  the  kcal  (B.T.U.)  =  number  of  kgm  (foot  pounds)  cor- 
responding to  1  B.T.U. 

In  practice,  it  is  obviously  necessary  to  take  into  account  the  efficiency  of  the  operation. 

Moreover,  the  change  is  not  exactly  adiabatic;  instead  of  following  a  vertical  line  DD' 
(Fig.  41.3),  it  follows  a  curve  DD' ':  there  is  a  slight  degradation  of  energy  leading  to  a  slight 
superheat  (or  to  an  increase  in  dryness  fraction). 


T  =  (X  -  X')  427  kgm/kg 


(778  ft.Ib./Ib.) 


(41.6) 


or  here: 


o 


Fig.  41.3.  Adiabatic  expansion. 
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We  shall  have  several  occasions  to  return  to  the  entropy  diagram. 
Figures  41.4  (metric  units)  and  4.15  (British  units)  give  Mollier  diagrams,  which  will  allow 
consideration  of  problems  concerned  with  the  use  of  steam  in  the  factory. 

Equivalents 

Table  41.5  will  serve  to  recall  the  equivalent  figures  for  heat  and  mechanical  work. 

TABLE  41.5 

THERMO' MECHANICAL  EQUIVALENTS 

E,  the  work  corresponding  to  1  kcal  =  427  kg  m 
E,  the  work  corresponding  to  1  B.T.U.  =  778.3  ft.lb. 

,  i  h  r.  h  75  x  3,600  _  Ao0  .    .  (  550  x  3,600     1t;f.  DTH  \ 

hence:  1  n.p.n.  requires      -j— !  o3Z  kcal  C  =  2,544  BTU. 

427  77o.3  / 

1  kWh  requiresaH?7  =  860  kcal  =  3,413  B.T.U.  \ 


BAGASSE 

Final  bagasse,  or  simply  bagasse,  is  the  solid  fibrous  material  which  leaves  the  delivery  open- 
ing of  the  last  mill  of  the  tandem,  after  extraction  of  the  juice. 
It  is  the  residue  from  the  milling  of  cane. 

Physical  composition 

In  spite  of  the  diversity  of  milling  plants  and  machines  employed,  the  physical  composition 
of  bagasse  varies  between  rather  narrow  limits.  Its  most  important  property,  from  the  point 
of  view  of  steam  production,  is  its  moisture  content.  Poor  work  at  the  mills  will  give  a 
bagasse  of  50%  moisture,  while  very  good  work  will  give  a  bagasse  of  45%  moisture.  Certain 
factories  in  Hawaii  and  Formosa  have  reported  moistures  of  the  order  of  38%,  but  these  are 
exceptional  figures.  It  is  still  difficult,  even  in  a  modern  mill,  to  obtain  figures  as  low  as  44%. 
The  most  frequent  values  are: 

>v  =  45  -  50%  (41.7) 

w  =  moisture  in  bagasse 

and  generally  we  shall  not  involve  any  great  error  in  adopting  for  practically  all  cases  the 
standard  value: 

w  =  48%  (41.8) 
In  addition  to  water,  the  bagasse  contains: 

(a)  Insoluble  material,  consisting  mainly  of  cellulose,  and  comprising  the  fibre  content  of 
the  bagasse 
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Fig.  41.4.  Mollier  diagram  for  calculation  of  projects  (metric  units). 
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A  MOLLIKR  CHART  FOR  STEAM 

Modified  ud  trolly  reduced  from  Keenan  and 
Keyt'i  TiMcmodyniidie  Propertlei  of  Stum, 
puboshed  (1936)  by  Iota  Wiley  and  Sow,  Inc. 
Reproduced  by  pemilitlon   of  the  pubUlher*. 
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Fig.  41.5.  MoIIier  diagram  (British  units). 
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(b)  Substances  in  solution  in  the  water  (this  water  obviously  originating  in  the  juice  and 
the  imbibition),  consisting  of  sugar  and  impurities. 

These  dissolved  substances  are  present  in  small  quantities,  ranging  from  2  to  4%.  If  we 
designate  their  proportion  by  weight  as  D°/o,  there  remains  of  fibre: 

/'  =  100  -  w  -  D  =  46-53%.  (41.9) 

a  fairly  frequent  value  being: 

/'   =  50%  (41.10) 

/'  =  fibre  %  bagasse. 
Quantity  of  bagasse 

The  extreme  values  of  the  mean  fibre  content  of  cane  are  close  to:  /  =  10  and  16%;  but  it 
generally  lies  in  the  region  12—  15%. 

We  obtain  the  quantity  B  of  bagasse  obtained  from  100  parts  of  cane,  by  equating  the 
weight  of  fibre  entering  the  mills  to  that  leaving: 

100/=  Bf 

hence: 

f 

B  =  100  —  (41.11) 
/' 

It  will  be  seen  that  the  quantity  of  the  bagasse  varies  between  24  and  30%  by  weight  of 
cane,  or  approximately  one-quarter. 
We  shall  have  available  then  about  275  kg  (616  lb.)  of  bagasse  per  t.c. 

Bulk  density 

Tromp3  gives  as  bulk  density  of  bagasse: 

160-240  g/dm2  (10-15  lb./cu.ft.)  when  stacked 

80-  120  g/dm3  (5-7.5  lb./cu.ft.)  in  a  loose  condition. 

This  density  depends  mainly  on  its  moisture  content,  thus  bagasse  is  lighter  when  it  con- 
tains less  water.  For  a  mean  value  w  =  48%,  we  may  take: 
d  =  200  g/dm3  (12.5  lb./cu.ft.)  for  bagasse  in  a  stack 
d  =  120  g/dm3  (7.5  lb./cu.ft.)  for  loose  bagasse. 

We  may  take  160-  170g/dm3  (10-  11  lb./cu.ft.)  for  loose  bagasse  loaded  on  a  lorry  to  a 
height  of  5  -  7  feet.  Belt  conveyors  are  calculated  on  a  bulk  density  of  130  kg/m3  (8  lb./cu.ft.). 

Storage  of  bagasse 

The  bulk  density  of  bagasse  makes  it  a  very  bulky  material.  Storage  of  excess  bagasse  from 
the  factory  presents  a  difficult  problem  for  this  reason. 
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Except  in  very  dry  localities,  bagasse  cannot  be  left  out  in  the  open,  since  it  ferments, 
decays  and  loses  a  large  proportion  of  its  value  even  for  use  as  fuel. 

However,  it  may,  if  necessary,  be  stored  in  the  open,  on  condition  that  it  is  placed  in  the 
form  of  a  conical  or  pyramidal  stack,  with  the  top  at  a  slope  of  at  least  30°  (Fig.  41.6),  and 
that  a  roof  is  formed  by  means  of  cane  leaves  overlapping  like  roofing  slates,  running 
lengthwise  in  the  direction  of  the  slope,  as  in  the  thatched  roofs  of  native  cottages. 

Generally,  it  will  be  of  advantage  to  store  the  bagasse  under  a  roof. 

The  angle  of  repose  of  bagasse  is  rather  variable,  but  generally  in  the  range  of  45-50°. 
However,  the  edges  of  a  stack  may  be  trimmed  to  vertical  walls,  without  risk  of  collapse; 
they  hold  very  well. 


Fig.  41.6.  Bagasse  pile  in  open  air.  Fig.  41.7.  "Draughtboard"  stacking  of  baled  bagasse. 


To  avoid  the  necessity  for  large  and  expensive  buildings,  stored  bagasse  should  be  com- 
pressed, in  order  to  reduce  its  volume. 


Penetration  of  rain  in  a  stack  of  bagasse  is  given  by: 


h 


lOw 


d  (0.056 


(41.12) 


h   -  penetration,  in  cm 
w  -  rainfall,  in  cm 

d  =  specific  weight  of  bagasse,  in  kg/m3  (d  =  74  for  fresh  bagasse,  110  for  wet 
material) 

k  =  consistency  of  the  bagasse  at  the  surface,  in  %,  before  the  rain  (k  =  50  if  dry,  20  if 
wet) 


Bagasse  presses 

There  are  two  principal  types  of  bagasse  press: 

(1)  Baling  press.  Bales  of  30  X  30  x  60  cm  (12  x  12  x  24  in.),  or  45  X  45  X  60  cm 
(18  X  18  X  24  in.)  are  formed,  and  are  tied  with  two  or  three  wires,  to  prevent  them  from 
re-expanding.  A  hydraulic  press  is  employed  for  this  purpose,  similar  to  a  press  for  hay. 

The  bales  of  fresh  bagasse  have  a  density  of  400  -  600  kg/m3  (25  -  40  lb./cu.ft.),  according 
to  the  pressure  employed.  They  are  then  stacked  in  "draughtboard"  fashion  (Fig.  41.7)  so 
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as  to  allow  air  to  circulate  between  the  bales.  In  this  way  they  dry  more  rapidly.  However, 
this  practice  is  discouraged  in  certain  countries,  such  as  the  Philippines,  where  it  is  considered 
that  it  allows  fire  to  spread  more  rapidly.  On  the  other  hand,  it  decreases  the  risk  of  spon- 
taneous combustion. 

In  two  or  three  months,  the  bagasse  loses  part  of  its  moisture,  which  decreases  from 
45-50%  to  about  25%,  a  value  at  which  it  becomes  stable.  The  bagasse  bales  then  weigh 
only  about  300-400  kg/mJ  (20-25  lb./cu.ft.)- 

Bagasse  baled  while  moist,  as  it  leaves  the  mills,  can  give  rise  to  spontaneous  combustion 
when  stacked  in  a  large  pile. 

Bagasse  baled  and  stacked  in  "draughtboard"  fashion  and  sheltered  from  the  weather  may 
be  stored  for  a  long  time.  When  a  long  period  of  storage  is  foreseen,  it  is  advantageous  to 
sprinkle  powdered  boric  acid  on  the  stack  proportionately  as  the  stack  is  built  up. 


Fig.  41.8.  Bagasse  briquetting  press  (Pawert). 


(2)  Briquetting  press.  Bagasse  in  its  original  state  cannot  be  made  to  remain  compressed; 
whatever  pressure  be  employed,  it  does  not  retain  any  cohesion.  If,  on  the  contrary,  it  is 
dried,  it  is  possible  to  obtain  briquettes: 

(a)  On  condition  that  the  moisture  content  has  been  reduced  below  15%.  Best  results  are 
obtained  with  bagasse  of  7-8%  water.  If  the  drying  is  taken  further  the  briquettes  would 
re-absorb  moisture  from  the  air  and  would  expand. 
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(b)  Provided  pressures  of  the  order  of  350  kg/cm2  (5,000  p.s.i.)  are  used,  or  preferably 
1,000  kg/cm2  (15,000  p.s.i.) 
Bagasse  briquettes  are  made  in  two  forms: 

(a)  Briquettes  proper,  small  plates  of  20  x  10  x  2  cm  (8  x  4  x  1  in.),  which  can  be  stack- 
ed at  a  bulk  density  of  720-880  kg/m3  (45  -55  lb./cu.ft.). 

Tromp4  specifies  a  press  of  70  h.p.  for  5  —  10  tonnes  of  bagasse  per  hour. 

Briquetting  is  facilitated  and  cohesive  properties  of  the  briquettes  are  improved  by  adding 
a  binder,  molasses  for  example,  in  the  ratio  of  one  part  per  four  of  bagasse. 

In  Cuba5,  a  pressure  of  8.5  kg/cm2  (120  p.s.i.)  is  considered  sufficient,  when  a  binder  is 
incorporated. 

(b)  As  "logs",  cylindrical  agglomerates  of  6,9  or  13  cm  (2.5,  3.5  or  5  in.)  diameter.  The 
best-known  presses  furnishing  pieces  of  this  type  are  the  "Glomera"  of  Pawert  in  Basle.  The 
bagasse  is  dried  to  about  10%  moisture  by  hot  flue  gas,  in  vertical  dry  tubes,  through  which 
it  is  blown  by  fans.  It  then  passes  into  a  very  powerful  press  (Fig.  41.8),  where  it  is  pressed 
into  a  tube;  the  simple  friction  against  the  tube  walls  generates  a  pressure  in  the 
neighbourhood  of  1,400  kg/cm2  (20,000  p.s.i.)-  The  compressed  bagasse  leaves  the  cylinder 
in  the  form  of  a  continuous  "sausage"  which  can  be  broken  into  pieces  13  —  20  cm  (5  —  8  in.) 
in  length.  It  then  has  a  density  of  about  1,100  kg/m3  (70  lb./cu.ft.)  and,  even  when  stored  in 
bulk,  may  still  have  a  density  of 400  -  480  kg/mJ  (25  -  30  lb./cu.ft.).  Thus  it  forms  a  fuel  which 
can  be  readily  and  cleanly  handled. 

Breaking  up  bales.  When  bagasse  stored  in  bales  is  to  be  re-used,  the  bales  are  broken  up 
by  passing  them  through  a  light  crusher.  It  has  been  reported6  that  this  operation  may  cause 
fibrosis  of  the  lungs  in  the  workers  handling  this  operation.  It  is  therefore  necessary  to  pro- 
vide adequate  ventilation. 

Use  of  bagasse 

In  addition  to  its  use  as  fuel,  excess  bagasse  may  find  very  profitable  use  as: 

(a)  Raw  material  for  the  manufacture  of  fireproofed  insulating  boards,  used  for  building 
purposes. 

(b)  Raw  material  for  the  fabrication  of  paper  pulp. 

(c)  Raw  material  for  the  manufacture  of  various  solvents  utilised  in  industry. 

TABLE  41.6 


CHEMICAL  COMPOSITION  OF  BAGASSE 


Deerr1 

Tromp% 

Kelly9 

M.R.*ia 

Daviesu 

Gregory* 2 

Carbon  C 

46.5 

44 

48.2 

47.5 

47.9 

49  48.1 

Hydrogen  H 

6.5 

6 

6 

6.1 

6.7 

7.4  6.1 

Oxygen  O 

46 

48 

43.1 

44.4 

45.4 

41.8  43.3 

Ash  c 

1 

2 

2.7 

2 

1.8  2.5 

100 

100 

100 

100 

100 

100  100 

*  M.R.  =  mean  of  results  of  Kersten,  Prinsen  Geerligs,  Bolk,  v.d.  Kreke  and  Spencer. 
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Chemical  composition  of  bagasse 

The  chemical  composition  of  dry  bagasse  varies  slightly  according  to  different  authors  (see 
Table  41.6). 

The  results  given  in  the  fourth  column,  originally  reported  as  %  fibre,  have  been  converted 
to  a  basis  of  2%  ash. 

Since  these  variations  are  not  large,  we  shall  use  the  following  mean  standard  composition 
in  our  calculations: 


Calorific  value  of  bagasse 

The  calorific  value  (C.V.)  is  the  quantity  of  heat  which  will  be  released  by  combustion  of 
unit  weight  of  the  fuel  under  consideration. 
We  distinguish  two  different  calorific  values: 

(a)  The  gross  calorific  value,  or  higher  calorific  value  (G.C.V.):  this  is  the  heat  liberated 
by  the  combustion  of  one  kg  (lb.)  of  fuel,  taken  at  0°C  (32°F)  and  under  760  mm  (29.92  in.) 
of  mercury,  all  the  products  of  combustion  being  reduced  to  the  same  conditions.  The  water 
present  in  the  fuel,  as  well  as  the  water  formed  by  combustion  of  the  hydrogen  entering  into 
its  composition,  is  consequently  condensed. 

The  gross  calorific  value  is  readily  measured  in  the  laboratory  with  the  aid  of  the  Mahler 
bomb  calorimeter. 

(b)  The  nett  calorific  value,  or  lower  calorific  value  (N.C.V.),  which  assumes  on  the  con- 
trary that  the  water  formed  by  combustion,  and  the  water  of  constitution  of  the  fuel,  remains 
in  the  vapour  state. 

The  G.C.V.  gives  a  good  measure  of  the  heat  theoretically  available  from  the  fuel,  but 
since,  in  industrial  practice,  it  has  not  yet  been  found  practicable  to  reduce  the  temperature 
of  the  combustion  products  below  the  dew  point,  the  N.C.  V.  gives  a  more  accurate  indication 
of  the  heat  practically  obtainable. 

It  is  the  N. C.V.  which  therefore  should  be  used  in  practice;  but  there  is  no  means  of  deter- 
mining it  dkecUy.  It  is  therefore  necessary  to  calculate  this  value. 

In  this  calculation,  there  is  a  certain  contradiction  between  the  condition  that  the  combus- 
tkm  gases  s>Yvo\i\dbe  vtduced  to  0°C  (32°  F)  and  760  mm  (19.91  m.),  and  the  condition  that 

the  water  should  not  be  condensed.  The  convention  is  adopted  of  subtracting  from  the 

G.C.V.  the  weight  of  hydrogen  in  \  kg  (1  \b.)  of  fuel,  multiplied  by  600  kcal  (1 ,080  B.T.U .). 
This  amounts  to  assuming  that  for  the  G.C.V.,  condensation  takes  place  in  the 

neighbourhood  of  10°C  (50°F),  in  the  course  of  cooling  to  0°C  (32°F),  since  (eqn.  32.6): 


C 
H 
O 


47  % 
6.5% 
44  % 
2.5% 


(41.13) 


e 


100  % 


r  =  607  -  (0.7  X  10°)  =  600  kcal         (1,093  -  (0.7  X  18°)  -  1,080  B.T.U.) 
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It  is  moreover  easy  to  verify,  from  the  latent  heat  and  the  specific  heats  of  water  and  water 
vapour,  that  the  temperature  at  which  the  condensation  (or  in  the  inverse  sense,  evaporation) 
is  considered  to  take  place,  has  no  great  influence  on  the  total  heat  liberated.  A  temperature 
in  the  neighbourhood  of  0°C  (32°F)  is  therefore  adopted  while  taking  into  account,  in  the 
calculation,  only  vapour  and  not  liquid  water;  this  simplifies  matters. 

The  N.C.V.  of  a  fuel  is  therefore  given  by  the  formula: 

N.C.V.  =  G.C.V.  -  600£         (G.C.V.  -  1,080£)  (41.14) 

E  =  weight  of  water  vapour  present  in  the  gases  produced  by  combustion  of  1  kg  (1  ib.) 
of  fuel,  expressed  in  kg  (lb.). 
Furthermore,  combustion  of  hydrogen  takes  place  according  to  the  reaction: 

2H2  +  Oi  =  2HzO  (41.15) 
4      32  36 

The  weight  of  water  formed  is  thus  equal  to  nine  times  the  weight  of  hydrogen.  We  then 
have  for  a  dry  fuel:  \ 

E  =  9H  (41.16) 

H  =  weight  of  hydrogen  contained  in  1  kg  (1  lb.)  of  fuel. 
Hence: 


N.C.V.  =  G.V.C.  -  5,400//  (G.C.V.  -  9,720//)  (41.17) 

This  equation  applies  only  to  a  dry  fuel.  For  a  wet  fuel,  it  is  also  necessary  to  take  into 
account  the  original  water  present,  which  is  then  added  to  the  water  formed  by  combustion. 

Gross  calorific  value  of  dry  bagasse.  In  spite  of  considerable  differences  in  appearance  bet- 
ween different  varieties  of  cane,  the  G.C.V.  of  dry  bagasse  is  remarkably  constant  in  all 
countries  and  for  all  varieties  of  cane.  Table  41.7,  for  example,  gives  several  values  selected 
at  random. 

TABLE  41.7 

O.C.V.  OF  DRY  BAGASSE 

Author  Country  G.C.V.  of  dry  bagasse 


kcal/kg  B.T.UJlb. 


Behne11  Queensland  4,542  8,177 

Hedley14  S.  Africa  4,585  8,253 

Ref.  15  Hawaii  4,622  8,320 

Gregory'2  Cuba  4,691  8,444 

Gregory1 2  Puerto  Rico  4,594  8,270 

Ref.  15a  S.  Africa  4,700  8,460 


Mean  4,622  8,320 
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It  will  scarcely  involve  an  error  of  more  than  2%,  therefore,  we  adopt  as  a  universal  value 
for  the  G.C.V.  of  dry  bagasse: 


G.C.V.  =  8,280  B.T.U./lb.  =  4,600  kcal/kg  (41.18) 


Nett  calorific  value  of  dry  bagasse.  We  have  seen  (eqn.  41.13)  that  dry  bagasse  contains 
6-7%  hydrogen,  and  have  taken  the  mean  figure  as  6.5%. 
Equation  (41.17)  then  gives: 

N.C.V.  =  G.C.V.  -  (0.065  X  9,720)  =  8,280  -  630  =  7,650  B.T.U./lb. 


N.C.V.  =  7,650  B.T.U./lb.  =  4,250  kcal/kg  (41.19) 


Calorific  value  of  wet  bagasse.  We  now  know  the  calorific  value  of  dry  bagasse.  How  are 
we  to  deduce  the  value  for  the  wet  bagasse  with  which  we  have  to  deal  in  practice? 

Theoretical  calculation.  We  may  first  base  our  figures  on  the  percentage  composition  of 
wet  bagasse,  which  is  given  in  Table  41.8. 

TABLE  41.8 

CALORIFIC  VALUE  OF  CONSTITUENTS  OF  BAGASSE 


Constituent 

% 

C.  V. 

kcal/kg 

B.T.UAb. 

Fibre 

/ 

4,600 

8,280 

Sugar 

s 

3,955  (=  4,000) 

7,120 

Impurities 

i 

4,100 

7,380 

Water 

w 

0 

0 

For  the  separate  sugars:  sucrose,  3,939  kcal/kg;  glucose  and  fruc- 
tose, 3,7 19  kcal/kgl5b. 


Not  only  has  water  no  calorific  value,  but  on  the  other  hand  it  absorbs  heat  in  being 
vaporised  during  the  combustion  (N.C.V.). 

G.C.V.  =  4,600  /I  +  3,955  —  +  4,100  1 


100  100  100 

N.C.V.  =  4,600      +  3,955   +  4,100   350  l(K}^JiV-  600  

100  100  100  100  100 
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(G.C.V.  =  8,280        +  7,120  —  +  7,380 
v  100  100  100 


'-) 

00/ 


f  s  /'  100  -  w  w 

(N.C.V.   =  8,280  —  +  7,120          +  7,380        -  630   -  1,080   

00  100  100  100  100 


) 


or: 


or: 


G.C.V.  =  46/'  +  39.555  +  41/ 

N.C.V.  =  46/'  +  39.555  +  41  /  -  2.5  w  -  350 


G.C.V.  =  82.8/'  +  71.25  +  7.38/ 

N.C.V.  =  82.8/'  +  71.25  +  7.38/  -  4.5 w  -  630 


kcal/kg 


B.T.U./lb. 


Since  the  C.V.  of  sugar  and  of  the  impurities  differ  only  slightly,  no  great  error  will  be 
involved  by  taking  for  these  two  quantities  the  mean  values,  which  moreover  vary  only  slight- 
ly. To  simplify  the  calculation,  they  will  be  expressed  in  terms  of  sugar.  We  thus  have: 

/'  =  lOO  -  5  -  /  -  w 

The  purity  of  the  residual  juice  is  generally  of  the  order  of  45  -  50.  If  we  adopt  this  value: 

.  52.5 

/  =    S  -    1.1  5 

47.5 

Hence: 


(41.20) 


British  units  Metric  units 

G.C.V.  =  8,280  -  21.65  -  82.8  w     G.C.V.  =  4,600  -  125  -  46 w 

N.C.V.  =  7,650  -  21.65  -  87.3w     N.C.V.  =  4,250  -   125  -  48.5w 

G.C.V.  =  gross  calorific  value  of  the  bagasse,  in  B.T.U./lb.  (or  kcal/kg) 
N.C.V.  =  net  calorific  value  of  the  bagasse,  in  B.T.U./lb.  (or  kcal/kg) 

5    =  sucrose  %  bagasse 
w  -  moisture  %  bagasse. 

Analogous  formulae,  though  slightly  different,  have  been  utilised. 

In  particular  in  India16: 

G.C.V.  •=  4,600  -  85  -  53  w         (8,280  -   14.45  -  95.4  w)  (41.21) 


BAGASSE 


923 


In  Java  the  formula  of  von  Pritzelwitz  van  der  Horst'7  was  used: 

G.C.V.  =  4,550  -  105  -  45  w         (8,190  -  18s  -  81  w) 

(41.22) 

N.C.V.  =  4,250  -   105  -  48  w  (7,650  -  185  -  86.4W) 

In  Mauritius18: 

N.C.V.  =  4,150  -  7.55  -  47.5  w         (7,470  -  13.55  -  85.5  w)  (41.23) 
Hessey19  in  Queensland  gave: 


(41.24) 


G.C.V.  =  4,636  -   12.35  -  46.36  w  (8,345  -  225  -  83.45  w) 

N.C.V.  =  4,324  -   12.35  -  49.04  w  (7,783  -  225  -  88.27  w) 

the  figures  being  determined  experimentally  and  verified  fairly  well  in  practice. 
South  Africa  gives: 

N.C.V.  =  18,309  -  31.145  -  207. 63w  -  196.09c  kJ/kg 

which,  in  kcal/kg,  becomes: 

N.C.V.  =  4.375  -  7.445  -  49.62  w  -  46.86c  kcal/kg 

B  =  Brix  %  bagasse 
c   =  ash  %  bagasse. 
If  we  express  5  and  w  not  in  per  cent  but  per  unit  of  bagasse,  we  would  have: 

G.C.V.  =  4,600  (1  -  w)  -  1,2005  (8,280  (1  -  w)  -  2,1605) 

(41.25) 

N.C.V.  =  4,250  -  4,850 w  -   1,2005  (7,650  -  8,730  w  -  2,1605) 

We  may  comment  that,  in  this  formula,  we  have  already  taken  into  account  the  following 
heat  losses,  from  the  point  of  view  of  steam  production  in  the  factory: 

(a)  Latent  heat  of  vaporisation  of  the  water  formed  by  combustion  of  the  hydrogen  con- 
tained in  the  bagasse,  which  is  lost  in  the  flue  gases  with  this  water  vapour  if  the  latter  is 
not  condensed. 

(b)  Latent  heat  of  vaporisation  of  the  water  content  of  bagasse,  which  in  the  same  way 
is  lost  with  the  flue  gases. 

We  have  then  to  take  into  account  only  the  following  losses: 

(a)  Sensible  heat  lost  in  the  flue  gases 

(b)  Losses  by  radiation 

(c)  Losses  in  unburnt  solids 

(</)Loss  by  incomplete  combustion  of  carbon  giving  CO  instead  of  C02. 
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COMBUSTION  OF  BAGASSE 

As  this  section  is  rather  complex,  it  would  be  over-loaded  if  calculations  were  given  in  both 
systems  of  units.  They  will  be  given  in  metric  units,  with  the  comments: 

(a)  That  they  are  given  in  British  units  in  the  second  edition,  in  identical  fashion 

(b)  All  values  given  as  kg/kg  are  the  same  in  lb. /lb. 

(c)  Volumes  only  are  changed,  and  1  mVkg  =  16.02  cu.ft./lb. 

((^Numbers  of  formulae  and  Tables  which  are  identical  in  both  systems  are  underlined. 
(e)  Both  systems  are  retained  where  it  does  not  interfere  with  the  clarity  of  the  discussion. 

Composition  of  air 

The  composition  of  dry  air  is  given  in  Table  41.9. 

TABLE  41.9 

COMPOSITION  OF  DRY  AIR 

%  By  weight       %  By  volume 

Oxygen  23.15  20.84 

Nitrogen  and  inerts  76.85  79.16 


Reactions  of  combustion 

The  combustible  elements  in  bagasse  are  carbon  and  hydrogen.  In  burning  they  give: 

C  +  02  =  C02  H2  +  O  =  H20 

By  weight 

12  g  +  32  g  =  44  g         2  g  +  16  g  =  18  g  (41.26) 

Or: 

1  +2.67  =  3.67  1  +  8  =  9 

Properties  of  gaseous  products  of  combustion 

Table  41.10  gives  the  principal  properties  which  we  shall  use  in  the  study  of  the  combustion, 
for  the  principal  components  of  the  flue  gases. 

(A)  Combustion  of  dry  bagasse  without  excess  air 

The  composition  (41.13)  of  bagasse  and  the  proportions  given  by  the  reactions  (41.26)  allow 
us  to  calculate  the  quantity  of  oxygen  necessary  for  combustion. 
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TABLE41.10 

PROPERTIES  OF  GASEOUS  PRODUCTS  OF  COMBUSTION 


IVIOl  Wl 

Constant  R 

Density 

Specific 

vol. 

(Kg/  m  i 

(Kg/m 

(p.s.i. 

at  0°C and  760  mm 

at  0°C  and  760  mm 

and 

and 

(kg/m*) 

(Ib./cu.ft.) 

(m'/kg) 

(cujt./lb.) 

mVkg) 

cu.ft./lb.) 

COj  44 

19.27 

0.2434 

1.977 

0.1234 

0.506 

8.10 

HjO  18 

47.06 

0.5944 

0.804 

0.0502 

L.Z.'-r'-r 

17.  ?L 

N2 

(atmospheric)  28 

30.26 

0.3822 

1.256 

0.0784 

02        '  32 

26.50 

0.3347 

1.429 

0.0892 

0.700 

11.21 

CO  28 

30.29 

0.3826 

1.250 

0.0780 

0.800 

LL.O  1 

Air  29 

29.27 

0.3697 

1.293 

0.0807 

0.773 

12.39 

(a)  Oxygen.  In  order  to  burn  1  kg  of  dry  bagasse,  we  require. 

C  0.470  kg  x 

2.67  = 

1.253  kg  02 

=  0.877  m3 

of  oxygen 

H2  0.065  kg 

x  8  = 

0.520  kg  Oi 

=  0.364  m3 

of  oxygen 

or  a  total  of 

1.773  kg  02 

=  1.241  m3 

of  oxygen 

But  the  bagasse  already  contains  0.440  kg  02  =  0.308  m3  of  oxygen 


Hence  the  air  must  supply  1.333  kg  O2  =  0.933  m3  of  oxygen 

(b)  Nitrogen.  This  oxygen  brings  with  it  (cf.  Table  41.9): 

1.333  X  7*^85  =  4.425  kg  N3  =  3.522  m3  nitrogen 

Hence  the  total  weight  of  air  required  is:  5.758  kg  air  =  4.455  m3,  all  these  volumes  of 
oxygen,  nitrogen  or  air  being  reckoned  at  0°C  and  760  mm. 

Since  the  composition  of  bagasse  is  not  strictly  constant,  it  is  futile  to  retain  decimals  which 
have  no  real  significance.  We  shall  say  then: 

Total  weight  of  air  necessary   =  5.76  kg 

(41.27) 

Total  volume  of  air  necessary  =  4.45  m3  (at  0°C  and  760  mm) 
and  the  quantity  of  water  formed  is: 

0.065  +  0.520  =  0.585  kg  water  =  0.728  m3  water  vapour  (41.28) 


(B)  Combustion  of  wet  bagasse  with  excess  air 
We  can  now  pass  on  to  the  general  case. 
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It  is  not  possible  in  practice  to  burn  a  fuel  in  industrial  conditions  by  supplying  only  the 
quantity  of  air  theoretically  necessary:  combustion  would  be  poor  and  incomplete.  In  order 
to  obtain  complete  combustion,  without  unburnt,  and  so  that  all  the  carbon  burns  to  the 
form  of  CO2,  it  is  necessary  to  supply  a  certain  excess  of  air.  A  large  proportion  of  the 
available  heat  would  be  lost  if  part  of  the  carbon  is  allowed  to  burn  only  to  the  form  of  CO. 
The  reaction: 

C  +  O  =  CO 

liberates  only  2.415  kcal/kg  carbon,  whereas  the  normal  combustion: 

C  +  o2  =  C02 

releases  8,000  kcal/kg 
We  shall  write: 

Moisture  of  bagasse  relative  to  unity  w 
Ratio  of  weight  of  air  used  to  weight  theoretically  necessary  m 

and  we  shall  designate  by: 

Pa    =  weight  and  K    =  volume  of  air  used  per  kg  of  bagasse 

P     =  weight  and  V    =  volume  of  the  gaseous  products  of  combustion 

P     =  weight  and  V  s  =  volume  of  the  gases  (assumed  dry) 

all  these  volumes  being  reduced  to  0°C  and  760  mm. 

In  combustion  calculations,  to  specify  that  the  volumes  are  reckoned  at  0°C  and  760  mm, 
it  is  customary  to  insert  the  letter  N preceding  the  figure  for  volume:  e.g.  5  iVmJf  means  5 
m3  measured  at  0°C  and  760  mm  atmospheric  pressure. 

(a)  P  .  We  have: 

P  =  5.76  (1   -  w)  m  (41.29) 

(b)  Pg.  And  in  consequence: 

P  =  5.76  (1   -  w)  m  +   1  (41.30) 

since  the  products  of  combustion  consists  of:  (1)  the  unit  weight  of  fuel  the  combustion  of 
which  we  are  studying;  (2)  the  air  for  combustion  which  serves  to  burn  this  fuel. 

(c)  Pgs-  We  shall  obtain  this  quantity  by  deducting  from  P  the  water  formed  by  combus- 
tion of  the  hydrogen  and  the  water  of  composition  of  the  bagasse  (cf.  41.28): 


Pgs  =  P-  0.585  (1   -  w)  -  w 


(41.31) 
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or 


P    =  (1  -  w)  (5.76m  +  0.415)  (41.32) 

(d)  Vu.  We  have  similarly: 

Vg  =  4.45  (1  -  w)m   NmVkg  (41.33) 


(e)  V ,  To  calculate  V ,  we  must  note: 

(1)  That  we  have  more  oxygen  than  that  strictly  necessary  to  burn  all  the  carbon  and 
hydrogen  in  the  bagasse 

(2)  That: 

volume  of  C02  =  volume  of  oxygen  from  which  it  is  formed,  and 

volume  of  H20  =  volume  of  oxygen  from  which  it  is  formed,  multiplied  by  2. 

The  combustion  thus  gives,  per  kg  of  dry  combustible  (see  above),  the  quantities  given  in 
Table  41.11,  for  a  quantity  (1  -  w)  of  dry  substance. 

It  is  also  necessary  to  add  the  volume  of  water  vapour  originating  in  the  moisture  contained 
in  the  bagasse.  We  have  finally: 

K  =  4.45  (1  -  w)m  +  0.672  (1  -  w)  +  1.244  w         (NmVkg)  (41.34) 

or: 

K  =  4.45  (1  -  w)m  +  0.572  w  +  0.672  (NmVkg)  (41.35) 

TABLE  41.11 

VOLUME  OF  GASEOUS  PRODUCTS  OF  COMBUSTION 


V  =  volume  of  air  introduced  Air 

+  volume  of  oxygen  originating  in  the  bagasse  +  0.308 

-  volume  of  02  used  to  form  water  -  0.364 

-  volume  of  02  used  to  form  COz  -  0.877 
+  volume  of  water  formed  +  0.728 
+  volume  of  CCh  formed  +  0.877 


giving  as  total:  volume  of  air  introduced  +  0.672 


if)  V  .  To  obtain  this  quantity,  it  is  sufficient  to  subtract  from  expression  (31.34)  the 
water  of  composition,  1.244  w,  and  the  water  formed  by  combustion,  0.728  (1  -  w).  There 
remains: 

y   =  4.45  (1  -  w)m  +  0.672  (1  -  w)  -  0.728  (1  -  w) 

or: 


Vs  =  4.45  (!    -  W)m  -  0.056  (1   -  w)         (NmVkg)  (41.36) 
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Comment.  All  the  volumes  given  above  have  been  calculated  at  0°C  and  760  mm  of  mer- 
cury. To  obtain  the  volumes  at  any  temperature  t,  it  will  be  necessary  to  apply  Mariotte's 
law:  pv  =  Z?r(where  T  =  273  +  t).  Since  R  is  a  coefficient  andp  is  constant  (atmospheric 
pressure),  we  have: 


273"  +  t 


v,  =  v0 


273 


I  Vo  

V     459.4  + 


3l) 


'(41.37) 


v   =  volume  at  temperature  t 
vo  =  volume  at  0°C. 

Composition  of  flue  gases 

We  know  the  total  weight  of  gases: 


P  =  5.76  (1  -  w)m  +  \ 


(41.30) 


The  weight  of  the  individual  gases  is  given  by: 
(a)  Nitrogen: 


N2  =  1.333  x 


76^85 


(i  -  w)m     or      N2  =  4.43  (1  -  w)m 


(b)  Oxygen: 


O2  derived  from  the  air:  1.333  (1  -  w)m 

+  02  derived  from  the  bagasse:  0.440  (1  -  w) 

-O2  used  to  form  water:  -0.520  (1  -  w) 

~02  used  to  form  COz:  ~  1.253  (1  -  w) 


or: 


02  =  1.33  (1  -  w)  (m  -  1) 


(c)  Water: 


Water  formed:  0.585  (1  -  w) 

+  water  of  constitution:  w 


H20  =  0.585  (1  -  w)  +  w 


(d)  Carbon  dioxide: 


C02  =  0.47  x  3.67  (1  -  w)        C02  =  1.72  (1  -  w) 


Substituting  the  values  of  m  and  w,  and  dividing  by  P  ,  we  may  readily  calculate  the  pro- 
portion  by  weight  of  each  of  these  constituents  in  the  flue  gases. 
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Example.  If  w  =  0.48  and  m  =  1.5: 


P  =  (5.76  x  0.52  x  1 


5)  +  1  =  5 


49 


kg 


and: 


N2       4.42  x  0.52  x  1.5 

02       1.33  x  0.52  x  0.5 

H20  (0.585  X  0.52)  +  0.48 
C02     1.72  x  0.52 


=  3.455  kg 
=  0.346  kg 
=  0.784  kg 
=  0.894  kg 


or 


or 


or 


or 


63.1% 
6.3% 
14.3% 
16.3% 


5.479  kg 


100  % 


The  slight  difference  between  the  total  and  Pg  is  due  to  the  ash  content,  as  the  sum  of  the 
components  C  +  H  +  O  of  the  bagasse  which  we  have  assumed  (41.13)  does  not  amount 
to  1  kg,  while  we  have  taken  1  kg  in  eqn.  (41.39).  To  be  absolutely  accurate,  it  would  have 
been  necessary  to  take  1  —  e. 

C02  content  of  flue  gas 

We  have  just  seen  the  composition  of  the  combustion  gases  by  weight.  Their  composition 
by  volume  is  equally  interesting,  since  their  C02  content  gives  information  on  the  excess  air 
used. 

The  quantity  of  C02  formed  by  combustion  of  1  kg  of  dry  bagasse  is  constant,  since  the 
carbon  content  of  the  bagasse  is  assumed  to  be  constant  (C  =  47%  approximately).  If  only 
the  theoretical  quantity  of  air  were  used,  the  C02  content  of  the  flue  gas  would  be  at  a  max- 
imum; if  there  is  excess  air,  the  quantity  of  C02  will  remain  constant  in  a  volume  of  air  which 
becomes  greater  as  the  excess  air  becomes  higher.  The  proportion  of  C02  will  therefore 
decrease  as  the  excess  air  increases. 

Simple  types  of  apparatus  are  used  which  give  a  determination  of  the  percentage  of  C02 
in  the  flue  gases.  We  seek  the  relation  between  this  percentage  and  the  quantity  of  excess  air. 
We  shall  assume  that  we  are  dealing  with  an  apparatus  giving  the  C02  as  percentage  of  the 
dry  gases,  i.e.  that  it  condenses  or  fixes  the  water  vapour  contained  in  the  gases  before  analys- 
ing them  (if  we  use  an  apparatus  giving  the  percentage  of  C02  in  the  wet  gas,  this  percentage 
will  be  appreciably  lower). 

The  total  volume  of  the  dry  gases  V  is  given  by  eqn.  (41.36).  The  volume  of  C02  which 
these  gases  contain  is  obtained  immediately  by  means  of  the  weight  of  C02  found  above: 

Volume  of  C02  in  flue  gas  =  1.72  (1  -  w)  x  0.506  =  0.87  (1  -  w) 

Since  the  coefficient  of  expansion  is  the  same  for  all  gases,  the  proportion  calculated  from 
volumes  at  0°C  will  remain  the  same  at  any  temperature  of  the  measurement. 
The  C02  content  of  the  flue  gas  by  volume  is  therefore: 


0.87  (1  -w) 
V 


0.87  (1  -  w) 


(41.38) 


7  = 


4.45  (1  -  w)m  -  0.056  (1  -  w) 
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Hence  we  may  derive  m: 


0.196 


+  0.0126 


(41.39) 


m  = 


y 


m  =  ratio  of  weight  of  air  used  to  weight  of  air  theoretically  necessary 
7   =  C02  content  per  unit  volume  of  dry  gases. 
Table  41.12  gives  several  values  of  y  for  the  corresponding  values  of  m. 


TABLE  41.12 


RELATION  BETWEEN  C02  CONTENT  OF  FLUE  OASES  (y)  AND  EXCESS  AIR  (m) 


7  0.06  0.07  0.08  0.09  0. 1 0  0. 1  1  0. 12  0. 1 3  0. 14  0. 1 5  0. 16  0.17 
m  3.27  2.81  2.46  2.18  1.97  1.79  1.64  1.52  1.41  1.32  1.23  1.16 


Optimum  proportion  of  C02.  The  theoretical  maximum  CO2  content  of  the  flue  gases  is 
19.8%,  according  to  eqn.  (41.39).  If  it  is  desired  to  obtain  complete  combustion,  without  ap- 
preciable formation  of  CO,  it  is  necessary  to  work  with  a  minimum  of  excess  air. 

20 

Eigenhuis  considers,  following  his  experience  in  Java  and  in  Queensland,  that  it  is  possi- 
ble to  maintain  an  average  of  15%  C02  without  solid  or  gaseous  unburnt.  Later  tests  with 
modern  boiler  furnaces  in  Queensland  have  reported  up  to  16%  C02  without  unburnt. 

Shillington21  considers  that  good  combustion  can  be  obtained  only  with  a  C02  content 
maintained  between  10  and  14%.  Above  14%,  the  proportion  of  CO  would  become  much 
too  high. 

In  south  Africa,  Hayes22  considers  that  heat  losses  due  to  excess  air  are  not  serious  so  long 
as  the  C02  content  is  maintained  above  12%;  but  below  that  figure  the  loss  in  efficiency 
becomes  considerable.  Conversely,  above  14%,  he  confirms  having  found  the  presence  of 
CO  in  the  gas.  He  considers  then  that  good  combustion  corresponds  to  a  C02  content  lying 
between  12  and  14%. 

In  Java23,  the  mean  excess  air  was  63%. 

In  Jamaica,  Davies24  considers  that  the  optimum  excess  air  in  practice  corresponds  to 


If  in  addition  to  these  authoritative  opinions  we  consider  results  of  tests  carried  out  in 
various  sugar  countries,  and  take  particular  note  of  modern  furnaces  and  boilers,  where  the 
air  supply  is  better  regulated,  we  may  state  that  the  best  boiler  efficiencies  are  obtained  for: 


50%. 


a  C02  content  of  12-16% 

an  excess  air  of     25  —  60% 


(41.40) 


Loss  in  efficiency  due  to  CO.  It  is  considered  in  South  Africa22  that  each  per  cent  of  CO 
in  the  gases  of  combustion  corresponds  to  a  loss  of  heat  of  4.5%.  In  Cuba25,  it  is  indicated 
with  more  precision:  4.36%  of  the  calorific  value  of  the  bagasse. 
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Calculation  of  combustion  temperature 

The  combustion  temperature  T  prevailing  in  the  bagasse  furnace  is  readily  calculated  from 
the  fact  that  the  heat  developed  in  the  combustion  is  recovered  in  the  gases  passing  from  the 
furnace  to  the  boiler. 

Since  the  calorific  value  and  all  the  heat  quantities  are  expressed  with  reference  to  a  basic 
temperature  of  0°C,  it  is  necessary  to  take  into  account  the  heat  already  stored  in  the  fuel 
and  in  the  combustion  air,  at  an  ambient  temperature  to. 

We  have  then,  for  1  kg  of  combustible: 

1''°  1  c  dt  +  f  "p  c  dt  +  N.  =  E  C  Pcdt  (41.41) 
Jo  Jo  Jo 

=  ambient  temperature  at  which  the  air  and  the  fuel  arrive  in  the  furnace 
T  =  combustion  temperature  sought 
Pe  =  weight  of  air  used/kg  fuel 

P  =  weight  of  each  of  the  gaseous  products  of  combustion/kg  combustible 
c    =  specific  heat  of  combustible 
ca  =  specific  heat  of  the  air 

c    =  specific  heat  of  each  of  the  gaseous  products 
N.  =  lower  calorific  value  of  the  combustible. 

The  nett  calorific  value  is  employed,  since  in  practice  the  water  vapour  contained  in  the 
gases  is  not  condensed. 

The  expression  L     \   PC  At  represents  the  sum  of  the  heat  capacities  of  the  different 

gases  constituting  the  flue  gas. 

It  is  necessary  to  use  the  integral  since  the  specific  heat  is  a  function  of  temperature.  We 
may  avoid  integrals  by  using  Table  41.13,  which  gives  the  mean  specific  heat  of  the  various 
substances  with  which  we  have  to  deal,  between  0°C  and  any  temperature  t  or  T.  With  the 
aid  of  this  table  we  can  readily  read  off  the  mean  specific  heat  between  any  two  temperatures 
t  and  T,  at  atmospheric  pressure. 

Equation  (41.41)  then  becomes: 

(J  cc  +  Pc)t»  +  N.  =  T[L  Pc%  (41.42) 

But: 

1  +  P  =  L  p  =  P 

1      T        0     —  1      —  g 

and,  since  these  specific  heats  of  air  and  the  gases  do  not  differ  greatly,  we  may  take: 

1  c   +  Pc  =E  PC  (41.43) 

Finally,  taking  losses  into  account: 


T  =  to  +   

[L  Pc]T 


(41.44) 


932  STEAM  PRODUCTION  AND  USAGE  Ch.  41 

TABLE41.13 
COMBUSTION  OASES  (Habif26) 


Temp.  Specific  heat  at  T°  Mean  sp.  heat  between  Total  heat  to  heat  from 

°C  0  and  T°  0  to  T°  at  const,  press. 

(kcal/kg)* 


COi 

1 1 2  *— ' 

N2,  CO 

HiO 

N,  CD 

H-,0 

a/,  cn 

o 

0.199 

0.468 

0.246 

0.214 

0.199 

0.468 

0.246 

0.214 

o 

o 

o 

50 

0.207 

U.tOJ 

0.248 

0.216 

0.203 

0.476 

0.247 

0  215 

10 

23 

12 

10 

100 

0.215 

0.499 

0.250 

0.218 

0.207 

0.484 

0.248 

0.216 

20 

48 

24 

21 

150 

0.224 

0.515 

0.252 

0.220 

0.211 

0.492 

0.249 

0.217 

31 

73 

37 

32 

200 

0.232 

0.530 

0.254 

0.222 

0.215 

0.499 

0.250 

0.218 

43 

100 

50 

43 

250 

0.240 

0.546 

0.256 

0.223 

0.219 

0.507 

0.251 

0.219 

55 

126 

62 

54 

300 

0.248 

0.562 

0.258 

0.225 

0.224 

0.515 

0.252 

0.220 

67 

154 

75 

66 

350 

0.256 

0.577 

0.260 

0.227 

0.228 

0.523 

0.253 

0.221 

79 

183 

88 

77 

400 

0.264 

0.593 

0.262 

0.229 

0.232 

0.530 

0.254 

0.222 

92 

212 

101 

88 

450 

0.272 

0.608 

0.264 

0.231 

0.236 

0.538 

0.255 

0.223 

106 

242 

114 

100 

500 

0.281 

0.624 

0.266 

0.232 

0.240 

0.546 

0.256 

0.223 

120 

273 

128 

111 

550 

0.289 

U.UJ7 

0.268 

0.234 

0.244 

0.554 

0.257 

0.224 

134 

304 

141 

123 

600 

0.297 

0.655 

0.270 

0.236 

0.248 

0.562 

0.258 

0.225 

149 

337 

154 

135 

650 

0.305 

0.670 

0.272 

0.238 

0.252 

0.569 

0.259 

0.226 

164 

370 

168 

147 

700 

0.313 

0.686 

0.274 

0.240 

0.256 

0.577 

0.260 

0.227 

179 

404 

182 

159 

750 

0.321 

0.701 

0.276 

0.241 

0.260 

0.585 

0.261 

0.228 

195 

439 

195 

171 

800 

0.330 

0.717 

0.278 

0.264 

0.593 

0.262 

O  99Q 

71  1 

475 

183 

J.  O  J 

850 

0.338 

0.732 

0.280 

0.245 

0.268 

0.600 

0.263 

0.230 

228 

510 

223 

195 

900 

0.346 

0.748 

0.282 

0.247 

0.272 

0.608 

0.264 

0.231 

245 

547 

237 

208 

950 

0.354 

0.764 

0.284 

0.248 

0.277 

0.616 

0.265 

0.232 

263 

585 

251 

220 

1,000 

0.362 

0.779 

0.286 

0.250 

0.281 

0.624 

0.266 

0.232 

281 

624 

266 

232 

1  ;050 

0.370 

0.288 

0.252 

0.285 

0.631 

0.267 

0  933 

299 

663 

280 

245 

1,100 

0.378 

0.810 

0.290 

0.254 

0.289 

0.639 

0.268 

0.234 

318 

703 

294 

258 

1,150 

0.387 

0.826 

0.292 

0.256 

0.293 

0.647 

0.269 

0.235 

337 

744 

309 

270 

1,200 

0.395 

0.841 

0.294 

0.258 

0.297 

0.655 

0.270 

0.236 

356 

786 

324 

283 

1,250 

0.403 

0.857 

0.296 

0.259 

0.301 

0.663 

0.271 

0.237 

376 

828 

338 

296 

1,300 

0.411 

0.872 

0.298 

0.261 

0.305 

0.670 

0.272 

0.238 

397 

872 

353 

309 

1,350 

0.419 

0.888 

0.300 

0.263 

0.309 

0.678 

0.273 

0.239 

417 

916 

368 

322 

1,400 

0.427 

0.903 

0.302 

0.265 

0.313 

0.686 

0.274 

0.240 

439 

960 

383 

336 

1,450 

0.435 

0.919 

0.304 

0.267 

0.317 

0.694 

0.275 

0.241 

460 

1,006 

398 

349 

1,500 

0.444 

0.935 

0.306 

0.268 

0.321 

0.701 

0.276 

0.241 

482 

1,052 

414 

362 

1,550 

0.452 

0.950 

0.308 

0.270 

0.325 

0.709 

0.277 

0.242 

505 

1,099 

429 

376 

1,600 

0.460 

0.966 

0.310 

0.272 

0.330 

0.717 

0.278 

0.243 

528 

1,147 

444 

389 

1,650 

0.468 

0.981 

0.312 

0.274. 

0.334 

0.725 

0.279 

0.244 

551 

1,196 

460 

403 

1,700 

0.476 

0.997 

0.314 

0.276 

0.338 

0.732 

0.280 

0.245 

574 

1,246 

476 

417 

1,750 

0.484 

1.012 

0.316 

0.277 

0.342 

0.740 

0.281 

0.246 

598 

1,296 

491 

431 

*  To  convert  to  B.T.U./lb.,'  multiply  by  1.8. 


a  =  coefficient  taking  into  account  unburnt  solids 
0o  =  coefficient  taking  into  account  losses  by  radiation  in  the  furnace. 
We  may  take  for  bagasse  furnaces: 
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a   =  0.98-0.99,  according  to  draught,  for  step-gate,  hearth  or  spreader-stoker  furnaces 
a  =  0.94-0.95  for  Ward  furnaces 
j8o  =  0.98-0.99. 

We  may  comment  that: 

(1)  The  combustion  temperature  increases  as  t0  increases 

(2)  It  decreases  as  LPc  increases.  In,  other  words  excess  air  has  a  marked  influence  on  the 
temperature  of  combustion. 

In  the  same  way,  the  moisture  of  the  bagasse  will  similarly  lower  this  temperature  greatly, 
on  account  of  the  additional  water  vapour  present,  and  all  the  more  so  since  the  specific  heat 
of  water  vapour  is  nearly  double  that  of  the  other  gases.  Further,  it  must  still  not  be  forgotten 
(cf.  eqn.  41.20)  that  the  moisture  also  reduced  TV,  and  consequently  has  a  double  effect  on 
the  temperature  of  combustion. 

Example.  We  shall  take  again  the  example  on  p.  929  and  calculate  EPc  for  the  composi- 
tion of  flue  gases  found.  We  shall  assume: 

to  =      30°C  ) 

I  I       0999  a/3oN'  =*  1'843kcal7kS 

TV.  =  1,900  kcal  ) 

We  obtain  EPc  by  determining,  for  each  of  the  products  of  combustion,  the  correspon- 
ding term  (T  -  to)  PC.  The  simplest  method  is  to  operate  by  interpolation,  which  is  very 
quickly  done  when  we  already  have  some  idea  of  the  temperature  sought  (Table  41.14). 


TABLE  41. 14 


T  = 

1,050°C 

T  = 

1,100°C 

N2    3.455  kg  (280 

-    7)  = 

943  kcal 

3.455  kg  (294 

-    7)  = 

992  kcal 

02    0.346  (245 

-    6)  = 

83 

0.346  (258 

-    6)  = 

87 

H20  0.784  (663 

-  14)  = 

509 

0.784      (703  - 

-  14)  = 

540 

C02  0.894  (299 

-    6)  = 

262 

0.894  (318 

-    6)  = 

279 

Ash  0.025  x  0.2  x 

1,050= 

5 

0.025  x  0.2  x 

1,100= 

6 

[EPclr  {T 

-  fo)  = 

1,802 

[T.Pc)l(T 

-  fo)  = 

1,904 

Equation  (41.44)  may  be  written: 

(T  -  to)  [LPc]T  =  afioN  (41.45) 

The  first  term  of  this  equation  is  the  heat  required  to  raise  the  flue  gases  from  to  to  T.  We 
require  to  know  for  what  value  of  Tthe  heat  required  is  equal  to  the  heat  produced,  which 
forms  the  second  term  in  the  equation.  If  it  is  considered  for  example  that  the  temperature 


934 


STEAM  PRODUCTION  AND  USAGE 


Ch.  41 


T  required  lies  between  1,050  and  1,100°C,  the  calculation  will  be  made  for  these  two 
temperatures  with  subsequent  interpolation.  As  the  ash  content  is  very  low,  its  specific  heat 
may  be  assumed  as  0.2  (Table  41.14).  Interpolating  for  1,843  kcal,  we  find: 

T  -  to  =   1,070°C  (1,958°F)  T=  1,070  +  30  =  1,100°C  (2,012°F) 

It  will  be  seen  that  a  change  of  one  point  in  excess  air  (e.g.,  1.50  replaced  by  1.49)  involves 
an  increase  in  temperature  of  4-5°C. 

Mean  specific  heat.  We  may  dispense  with  Table  41.13  by  utilising  the  formulae  given  in 
Table  41.15. 

TABLE  41.15 

MEAN  SPECIFIC  HEAT  OF  COMBUSTION  GASES  BETWEEN  0°C  (or  30°C)  AND  T°C 


Nitrogen  0.246  +  0.000020  T 

Oxygen  0.214  +  0.000018  T 

Water  vapour  0.468  +  0.000155  T 

C02  0.199  +  0.000082  T 


It  will  then  be  necessary  to  multiply  by  Tthe  mean  specific  heat  found  in  order  in  obtain 
the  heat  necessary  to  raise  the  temperature  of  the  gas  under  consideration  from  0°C  (or  30°C) 
to  T°. 

No  appreciable  error  is  involved  if  the  mean  specific  heat  between  0°C  and  T°  is  used  in 
place  of  that  between  30°C  and  T°. 

Since  the  composition  of  the  flue  gases  varies  only  between  relatively  narrow  limits,  we 
may  speak  of  the  mean  specific  heat  of  the  mixed  gases.  We  may  thus  take  approximately: 

For  mixed  combustion  gases  from  bagasse: 

u   *      /' 0.27  +  0.00006  T(r  in  °C)\  .„ 
Mean  sp.  heat  =  (  o.27  +  0  00003  T  (T  in  °F)  )  (41  M) 

or,  roughly: 

M.S.H.  =  0.3  (41.47) 

Measurement  of  furnace  temperature 

The  furnace  temperature  is  measured  with  the  aid  of  pyrometers  or  Seger  cones.  It  may  also 
be  estimated  by  eye  with  a  certain  degree  of  accuracy,  particularly  if  the  observer  has  trained 
himself  to  compare  his  estimates  with  pyrometer  readings. 


Temperatures  obtained  in  practice 

The  most  inefficient  old  furnaces  give  800~1,000°C  (1,500-  1,800°F).  The  highest 
temperatures  recorded  are  1,290°C(2,350°F)  for  a  few  minutes,  and  1,250°C  (2,275°F)  con- 
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tinuously.  The  commonest  temperatures  are  approximately  1,100°C  (2,000°F).  Table  41.17 
summarises  approximately  the  influence  of  excess  air  and  bagasse  moisture  on  furnace 
temperature.  The  table  assumes  an  ambient  temperature  of  30°C  (86°F)  and  a  product  apo 
of  0.96. 

TABLE  41.16 


COLOUR  SCALE  OF  TEMPERATURE 


°C 

op 

Dazzling  white 

1,500 

2,700 

Welding  heat 

1,400 

2,500 

White 

1,300 

2,400 

Straw  yellow 

[,20O 

2,200 

Pale  yellow 

1,150 

2,100 

Golden  yellow 

1,100 

2,000 

Orange 

1,050 

1,900 

Light  cherry  red 

1,000 

1,800 

Cherry  red 

900 

1,650 

Incipient  cherry  red 

800 

1,500 

Dark  red 

650 

1,200 

The  colour  of  the  furnaces  is  more  brilliant  as  the  temperature  increases  (see  Table  41.16). 

TABLE  41.17 

COMBUSTION  TEMPERATURE  IN  BAGASSE  FURNACES  °C  (°F) 


Excess  air 

Moisture  in  

bagasse  30%  (m  =  1.3)  50%  (m  =  1.5)  75%  (m  =  7.75; 


fC) 

(Of) 

CQ 

(°F) 

CQ 

(°F) 

45%  (w 

=  0.45) 

1,185 

2,165 

1,100 

2,000 

1,000 

1,830 

50%  (w 

=  0.50) 

1,120 

2,050 

1,040 

1,900 

950 

1,740 

Heat  losses  in  flue  gases 

Our  formula  (4J. 25),  giving  the  nett  calorific  value  of  the  bagasse,  already  takes  into  account 
the  loss  of  heat  of  the  water  vapour  passing  with  the  gases  to  the  chimney. 

The  most  important  of  the  losses  which  remain  to  be  accounted  for  is  that  corresponding 
to  the  sensible  heat  lost  in  these  flue  gases,  and  we  shall  seek  to  evaluate  this  loss. 

We  know  the  composition  of  the  flue  gases,  and  the  specific  heat  of  its  component  gases. 
We  thus  have  immediately  the  corresponding  heat  loss. 

The  mean  specific  heat  of  the  flue  gases  between  0°C  and  the  flue  gas  temperature  varies 
only  slightly  because  this  temperature  itself  is  limited.  In  a  modern  installation,  with 
economiser  or  air  heater,  it  is  easy  to  obtain  flue  gas  temperatures  below  200°C,  for  example 
175°C;  but,  although  it  is  possible  to  reach  130°C,  there  is  little  interest  in  going  below 
150°C,  which  may  be  considered  as  the  lower  economic  limit. 
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Conversely,  it  would  be  only  a  very  old  or  inadequate  installation  which  would  allow  the 
gases  to  leave  at  more  than  300°C. 

We  shall  therefore  not  involve  any  appreciable  error  if  we  take  the  mean  specific  heat  bet- 
ween 0°C  and  the  flue  gas  temperature,  as  equal  to  the  specific  heat  at  100°C. 

(We  may  comment  that  our  reference  temperature  should  be  0°C,  and  not  the  ambient  air 
temperature,  since  the  calorific  value  is  calculated  as  from  0°C,  and  hence  it  is  necessary  to 
refer  the  whole  heat  balance  to  this  same  basic  temperature.) 

Calculation.  Starting  from  the  weights  found  for  the  components  of  the  flue  gases  (cf.  p. 
928),  the  sensible  heat  q  carried  by  each  of  these  gases  will  be,  per  pound  of  bagasse  burnt: 


N2     qx  =  4.43  (1  -  w)m  x  0.250? 

02    q2  =  1.33  (1  -  w)  (m  -  1)  x  0.218/ 

H20  Qi  =  [0.585  (1  -  w)  +  w]  0.499? 

C02  q4  =  1.72  (1  -  w)  X  0.215? 


Adding,  simplifying,  and  approximating  to  avoid  retaining  figures  without  practical 
significance,  we  obtain  the  total  sensible  heat  lost  (reckoned  as  from  0°C): 

m.  units 

q  —  [(1  —  w)(\.4m  -  0.13)  +  0.5]? 

(41.48) 

Br,  units 

q  =  [(1  -  w)(\Am  -  0.13)  +  0.5]?  -  32) 


q  =  sensible  heat  lost  in  flue  gases,  in  kcal/kg  (B.T.U./lb.)  of  bagasse 
?    =  temperature  of  the  flue  gases,  in  °C  (°F) 
w  =  moisture  per  unit  bagasse 

m  =  ratio  of  weight  of  air  used  for  combustion  to  weight  theoretically  necessary. 

Example.  For:  m  =  1.4,  w  =  0.48,  ?  =  200°C,  we  shall  have: 

q  =  [0.52  (1.4  x  1.4  -  0.13)  +  0.5]  200  =  290  kcal/kg  of  bagasse  (534  B.T.U./lb.) 

or  approximately  15%  of  N.C.V.  of  the  bagasse  1,900  kcal/kg  (3,400  B.T.U./lb.) 

It  will  be  seen  that  with  the  values  chosen  for  m  and  w  in  this  example,  which  are  good 
typical  values,  we  have  to  a  close  approximation: 

m.  units  Br.  units  ,„  _ 

(41.49 

q  =  1.5?  q  =  1.5  (?  -  32) 

Quantity  of  steam  obtainable 

We  may  now  calculate  the  quantity  of  steam  which  we  can  obtain  from  unit  weight  of 
bagasse.  The  losses  of  heat  in  the  furnace  and  at  the  boiler  consist  of  the  following: 
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(a)  Latent  heat  of  the  water  formed  by  combustion  of  hydrogen  in  the  bagasse 

(b)  Latent  heat  of  the  water  contained  in  the  bagasse 

(c)  Sensible  heat  of  the  flue  gas  leaving  the  boiler 
id)  Losses  in  unburnt  solids 

(e)  Losses  by  radiation  from  the  furnace  and  especially  from  the  boiler 

(f)  Losses  due  to  bad  combustion  of  carbon  giving  CO  instead  of  C02. 

Now  the  use  of  the  nett  calorific  value  (formula  41.25)  has  already  taken  into  account 
losses  (a)  and  (b). 
The  loss  (c)  is  given  by  eqn.  (41.48). 

The  three  other  losses  are  taken  into  account  by  means  of  coefficients  applied  to  the  total 
quantity  of  heat  which  is  still  available  after  the  first  three  losses: 
a  =  coefficient  taking  into  account  losses  by  unburnt  solids 
@    =  coefficient  taking  into  account  losses  due  to  radiation 
rj  =  coefficient  taking  into  account  losses  due  to  incomplete  combustion. 

The  quantity  of  heat  remaining  to  be  transferred  to  the  steam  is  therefore  given  by  the  ex- 
pression: 

m,  units 

Mv  =  (4,250  -   1,2005  -  4,850w  -  q)  aj3rj 

(41.50) 

Br.  units 

Mv  =  (7,650  -  2,1605  -  8,730  w  -  q) 

M  =  heat  transferred  to  the  steam  per  kg  (lb.)  of  bagasse  burnt,  in  kcal  (B.T.U.) 

w  =  moisture  of  bagasse 

5    =  sucrose  per  unit  bagasse 

q  =  sensible  heat  of  flue  gases  (eqn.  41.48). 

a  (solid  unburnt)  is  of  the  order  of  0.98  for  ordinary  furnaces.  It  rarely  descends  below 
0.97,  unless  a  high  draught  is  used,  carrying  away  to  the  chimney  relatively  large  pieces  of 
bagasse.  For  Ward  furnaces,  Fives  Cail-Babcock  estimates  the  losses  at  5.5  (normal  opera- 
tion) to  6%  (forced  rating),  or:  a  =  0.940-0.945.  For  spreader-stoker  furnaces,  a  figure  of 
2.5%  may  be  used,  or  a  =  0.975. 

f3  (radiation  and  convection)  varies  from  0.97  to  0.995  according  to  the  more  or  less  effi- 
cient lagging  of  the  boiler.  Fives  Cail-Babcock  reckon:  0  =  0.99  (normal  rating)  to  0.995 
(forced  rating).  For  a  well-lagged  boiler,  a  value  of  0.995  may  be  used. 

17  (imperfect  combustion)  may  vary  from  0.99  down  to  0.80.  This  coefficient  will  be  better 
with: 

(7)  Lower  bagasse  moisture 

(2)  Lower  excess  air 

(3)  Higher  furnace  temperature  (this  condition  moreover  is  a  consequence  of  the  two 
preceding  ones). 

This  coefficient  falls  rapidly  when  the  moisture  in  bagasse  exceeds  50%,  or  similarly  when 
the  furnace  temperature  falls  below  900°C  (1,650°F).  In  a  good  modern  furnace,  it  easily  ex- 
ceeds 0.96.  For  a  well-conducted  combustion,  we  may  use  a  figure  of  0.98-0.99. 


938 


STEAM  PRODUCTION  AND  USAGE 


Ch.  41 


Overall  efficiency.  The  ratio: 

-        _  Heat  units  transferred  to  the  steam  , r,x 

Q  ~  N  ~  acTyToTthe  bagasse  v  —  ; 

is  called  the  overall  efficiency  of  the  boiler. 

This  efficiency  generally  varies  between  50  and  65%.  Tromp27  gives  the  figures  shown  in 
Table  41.18. 

TABLE  41.18 


BOILER  EFFICIENCIES  (TROMF27) 


Type  of  boiler 

Type  of  grate 

Overall  efficiency 

Elephant  boiler 

Step-grate 

50% 

Water-tube 

Horseshoe 

60% 

Water-tube 

Ward  furnace 

66% 

Tromp  reported  that  this  value  of  66%  was  the  highest  which  he  had  encountered.  It  cor- 
responds to  a  value  of  the  coefficient  17  of  about  0.99. 

At  the  time  of  the  Second  World  War,  it  was  considered  in  Cuba25  that  the  overall  efficien- 
cy never  exceeded  61.3%  and  attained  that  value  only  in  the  best  installations.  Modern 
spreader-stoker  furnaces  give  an  efficiency  of  83  -  88%  on  NCV  when  operated  on  bagasse, 
and  92  -  94%  on  fuel  oil. 

In  Queensland,  tests  reported  by  Behne28  gave  the  figures  shown  in  Table  41.19. 

TABLE  41.19 


BOILER  EFFICIENCIES  (QUEENSLAND28) 


Type  of  boiler 

kg  steam /kg  bagasse 

Overall  efficiency 

Thompson 

2.3 

53.1 

B.  &  W. 

2.4 

Semi-tubular 

1.8 

42.2 

TABLE  41.20 

BOILER  EFFICIENCIES  (QUEENSLAND  1961) 


Overall  efficiency  (%) 


OnG.C.V.  OnN.C.V. 


50  60 

63  78 

65  80 

68  83 


Typical  mean  value  in  Australia 
Modern  installations 
Modern  well-operated  installation 
Best  test  figures 
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More  recent  tests  in  Queensland,  reported  by  Jenkins  ,  give  figures  of  2.9  kg  steam/kg 
bagasse  and  overall  efficiency  of  68%  on  G.C.V.  for  a  boiler  with  a  large  combustion 
chamber  and  large  air  heater. 

Jenkins30  summarised  performance  in  1961  as  in  Table  41.20. 

Weight  of  steam  per  unit  weight  of  bagasse.  Table  41.21  gives  figures  for  the  total  heat 
required  to  produce  unit  weight  of  steam,  for  different  steam  conditions  obtaining  in  the  fac- 
tory. 

TABLE  41.21 

HEAT  REQUIRED  TO  PRODUCE  UNIT  WEIGHT  OF  STEAM 


(Temperature  of  feed  water  90°C) 


Steam 

pressure 

Steam  temperature 

Heat  required 

kg/cm1 

p.s.i. 

°C 

Of 

kcal/kg 

B.T.U./lb, 

6 

85 

Saturated 

569 

1,025 

8 

114 

Saturated 

572 

1,030 

10 

142 

Saturated 

574 

1,033 

10 

142 

225 

437 

599 

1,078 

15 

213 

300 

572 

635 

1,143 

20 

284 

325 

617 

645 

1,163 

25 

355 

350 

662 

656 

1,181 

30 

425 

400 

752 

681 

1,226 

45 

640  ■ 

425 

793 

690 

1,242 

We  have  assumed  in  all  cases  a  feed-water  temperature  of  90°C  (194°F),  which  is  a  com- 
mon temperature,  within  a  few  degrees,  at  the  feed-water  tank,  before  the  water  is  pumped 
to  the  boiler  or  to  the  economiser;  but  operation  at  105°C  (221  °F)  is  now  common  with  boiler 
pressures  above  18  kg/cm2  (250  p.s.i.). 

The  total  quantity  of  heat  from  the  bagasse  which  is  effectively  utilised  and  is  recovered 
in  the  steam  depends  on  four  principal  factors: 

w  m  rj  t  (temperature  of  flue  gases) 

Adopting  the  following  figures  as  average  or  readily  obtainable  values: 

w  =  0.48 
m  =  1.4 
a    =  0.975 
)8    =  0.975 
rj    =  0.96 

we  shall  have  for  My  and  for  the  weight  of  vapour  obtainable  per  unit  weight  of  bagasse  the 
corresponding  values  given  in  Table  41.22. 
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TABLE  41.22 

HEAT  TRANSMITTED  TO  STEAM  PER  POUND  OF  BAGASSE,  AND  WEIGHT  OF  STEAM  PRODUCED  PER  UNIT 
WEIGHT  OF  BAGASSE,  FOR  DIFFERENT  TEMPERATURES  t  OF  FLUE  GASES 


(w= 

0.48;  m  = 

-L  .  *±  ,   d  — 

n  one .  n 

—  n  cr7^  • 

—  V.J/D, 

17  _  n  oc\ 
J./  —  v.yoj 

t  ro 

150 

180 

200 

250 

300 

302 

356 

392 

482 

572 

MY  (B.T.U./lb.) 

2,772 

2,700 

2,653 

2,534 

2,416 

Steam  produced  at: 

6  kg/cm2  satd. 

85  p.s.i  . 

satd 

2.71 

2.64 

2.59 

2.47 

2.36 

8  kg/cm2  satd. 

114  p.s.i . 

satd 

2.69 

2.62 

2.58 

2.46 

2.35 

10  kg/cm2  satd. 

142  p.s.i . 

satd. 

2.68 

2.61 

2.57 

2.45 

2.34 

10  kg/cm2  250°C 

142  p.s.i  . 

482  °F 

2.52 

2.45 

2.41 

2.30 

2.19 

15  kg/cm2  300°C 

213  p.s.i  . 

572  °F 

2.43 

2.36 

2.32 

2.22 

2.11 

20  kg/cm2  350°C 

284  p.s.i  . 

662  °F 

2.34 

2.28 

2. 24 

2.14 

2.04 

25  kg/cm2  375°C 

355  p.s.i  . 

707°F 

2.30 

2.24 

2.20 

2.10 

2.00 

30  kg/cm2  400°C 

427  p.s.i  . 

752  °F 

2.26 

2.20 

2.16 

2.07 

1.97 

45  kg/cm2  425  °C 

640  p.s.i  . 

797°F 

2.23 

2.17 

2. 14 

2.64 

1.94 

These  figures  for  steam  production  naturally  vary  according  to  the  conditions,  and  par- 
ticularly with  the  four  factors  indicated.  In  most  cases,  however,  the  weight  of  vapour  pro- 
duced per  unit  weight  of  bagasse  lies  within  the  range  2  —  2.7  and  is  often  in  the 
neighbourhood  of  2.25. 

According  to  the  fibre  content  of  the  cane  and  the  conditions  of  operation  of  the  boiler 
station,  the  steam  production  available  will  thus  be  45  —  75%  of  cane,  and  often  60 —  65%. 

Calorific  value  of  bagasse  pith.  Bordenave303  gives  as  G.C.V.  of  bagasse  at  12% 
moisture:  4056  kcal/kg,  and  for  moist  pith:  3778  kcal/kg.  He  gives  the  value  for  pith  as  93% 
of  that  of  the  whole  bagasse. 

In  Taiwan,  Chou3°b  reckons  for  dry  pith:  G.C.V.  =  4400  kcal/kg  and  for  pith  at  6% 
hydrogen:  N.C.V.  4400  -  (0.06  x  5400)  =  4076  kcal/kg  (dry  pith);  N.C.V.  =  4076  - 
46.8  w  (wet  pith).  For  dry  bagasse  in  storage  the  moisture  of  the  pith  would  be  15  —  2297b. 


FUELS  OTHER  THAN  BAGASSE 

Owing  to  insufficient  fibre  content  in  cane,  excess  moisture  in  the  bagasse,  a  low  efficiency 
at  the  boiler  station,  or  wastage  of  steam,  certain  factories  have  not  sufficient  bagasse  to  pro- 
duce all  the  steam  which  they  require.  They  have  therefore  to  use  some  supplementary  fuel: 
firewood,  coal,  fuel  oil,  etc. 

Wood 

The  N.C.V.  of  cellulose  is  fairly  constant  at  about  4,250  kcal/kg  (7,650  B.T.U./lb.). 
However,  the  water  content  of  different  woods  varies  greatly,  according  to  the  species  (and 
even  the  variety)  and  the  time  which  has  elapsed  since  it  was  cut. 

According  to  Izart31,  a  very  dry  wood  contains  20%  water,  a  dry  wood  30%  and  a  green 
wood  40-50%. 
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Firewoods  generally  used  have  between  30  and  40%  water.  Equation  (41.20)  with  5  =  0, 
may  be  applied  to  firewood  without  great  error. 

Certain  woods  are  very  superior  to  others  for  fuel  purposes.  The  tree  Casuarina 
equisetifoliaw ould  have,  at  a  given  age,  5  -  10%  less  water  than  most  other  woods. 

We  may  take  approximately: 

Ordinary  wood  moderately  dry:  N.C.V.  =  2,500  kcal/kg  (4,500  B.T.U./lb.) 
Casuarina  moderately  dry:  N.C.V.  =  3,250  kcal/kg  (5,850  B.T.U./lb.) 

In  South  Africa32  a  value  of  2,000  kcal/kg  (3,600  B.T.U./lb.)  only  is  taken  for  firewood. 
In  Australia,  Jenkins33  gives  3,333  kcal/kg  (6,000  B.T.U./lb.). 

Coal  and  fuel  oil 

The  calorific  value  of  these  two  fuels  is: 

Coal:  N.C.V.  =  6,000-  8,000  kcal/kg  (11,000- 14,000  B.T.U./lb.) 
Fuel  oil:     N.C.V.  =  9,500-  10,700  kcal/kg  (17,000-19,000  B.T.U./lb.) 

the  difference  between  G.C. V.  and  N.C.V.  being  moreover  rather  small,  except  for  coal  hav- 
ing a  high  hydrogen  content. 

Fuel  oil  presents  the  advantage  that  it  can  be  burnt  in  bagasse  furnaces,  by  means  of  special 
burners.  The  width  of  the  furnace  in  the  direction  of  the  flame,  and  the  quality  of  the  refrac- 
tories should  accordingly  be  designed  with  this  in  view. 

Figures  quoted  are: 

In  South  Africa32:    10,300  kcal/kg  (18,500  B.T.U./lb.)  for  fuel  oil,  and 

6,600  (12,000)  for  Natal  coal 
In  Australia33:         10,550  kcal/kg  (19,000  B.T.U./lb.)  for  fuel  oil,  and 

6,100  (11,000)  for  coal 

Molasses 

The  calorific  value  of  molasses,  per  unit  weight  of  dry  substance,  is: 
(N.C.V.)  =  3,400 -3,800  kcal/kg  (6,000- 7,000  B.T.U./lb.),  according  to  Deerr34 
(G.C.V.)  =  3,800  kcal/  kg  (6,840  B.T.U./lb.)  (Prinsen  Geerligs35) 
•  (G.C.V.)  =  4,250  kcal/kg  (7,650  B.T.U./lb.)  (Naus  Bey36). 

The  latter  value  would  correspond  to  an  N.C.V.  of  3,900  kcal/kg  (7,020  B.T.U./lb.)  We 
may  reckon  approximately,  for  an  average  molasses  as  fired: 

N.C.V.  =  (375  -  500)  kcal/kg         (67 B  -  900  B.T.U./lb.)  (41.52) 

where  B  =  brix  of  the  molasses. 

Provided  it  is  heated  and  diluted  (the  latter  practice,  however,  being  most  unfortunate 
from  the  point  of  view  of  fuel  value),  molasses  may  be  burnt  in  burners  similar  to  those  used 
for  fuel  oil.  It  has  the  disadvantage  of  giving  such  quantities  of  ashes  that  their  removal 
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sometimes  poses  a  problem  difficult  to  solve.  Taking  into  account  the  efficiency,  which  is 
by  no  means  the  same  as  with  bagasse,  we  may  reckon  approximately  that  one  tonne  of 
molasses  is  the  equivalent  of  150  kg  of  fuel  oil,  260  kg  of  coal  or  6.35  m3  of  natural  gas. 


Bagasse  feed 

Older  bagasse  furnaces  were  provided  with  a  rectangular  hopper,  a  simple  opening  through 
the  arch  of  the  furnace.  Through  this  wide  open  passage,  air  was  drawn  in  with  the  bagasse. 
It  encountered  practically  no  resistance,  unlike  the  combustion  air,  which  was  forced  to  pass 
through  the  grate  and  traverse  the  bed  of  bagasse.  This  air,  passing  through  the  top  opening, 
entered  the  furnace  directly,  contributed  practically  nothing  to  the  combustion,  and  served 
only  to  increase  the  excess  air  greatly. 

To  avoid  this  drawback,  bagasse  furnaces  are  fitted  with  a  hopper  and  a  rotary  bagasse 
feeder  (Fig.  41.9). 


Types  of  furnace 

There  are  four  principal  types  of  bagasse  furnace: 

(a)  The  step-grate  furnace 

(b)  The  Cook  or  horseshoe  furnace 

(c)  The  Ward  furnace 

(d)  The  spreader- stoker  furnace. 

(a)  Step-grate  furnace  (Fig.  41.10). 

The  grate  consists  of  small  plates  of  cast  iron,  arranged  in  steps. 
Its  inclination  to  the  horizontal  should  be  52° ,  the  value  recommended  by  the  Java  experi- 
ment station,  and  by  Tromp31,  and  adopted  by  most  manufacturirg  firms. 


FURNACES 


Fig.  41.9.  Rotary  feeder  for  grate-  or  Cook-type  bagasse  furnace. 
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The  grate  consists  of  three  parts: 

(1)  The  upper  part,  or  dead  plate,  without  steps  or  openings  for  passage  of  air,  and  on  which 
the  bagasse  is  dried  before  passing  on  to  the  grate  proper. 

(2)  The  grate  proper,  corresponding  to  the  steps  or  grate  bars.  Certain  manufacturers  pro- 
gressively increase  the  space  between  bars,  so  as  to  proportion  the  quantity  of  air  passing 
through  the  bagasse  to  the  degree  of  combustion  required.  Generally  the  bagasse  ignites  at 
the  first  bars  of  the  grate,  and  burns  from  the  first  bars  along  the  whole  length  of  the  grille 
proper. 

(3)  The  portion  of  slight  slope,  or  ash  grate,  at  the  lower  end  of  the  grate,  on  which  combus- 
tion of  the  bagasse  is  completed,  leaving  ashes,  which  fall  between  the  bars  of  the  grate,  into 
the  ashpit. 

Certain  manufacturers  make  this  ash  grate  horizontal,  but  it  is  of  advantage  to  give  it  a 
slight  slope.  Tromp37  recommends  20°.  French  firms  generally  adopt  15°. 

Figure  41.10  shows  a  sectional  elevation  of  the  step-grate  furnace,  with  typical  dimensions 
(in  metric  units);  these  of  course  will  vary  somewhat. 

(b)  Cook  furnace  (Fig.  41.11).  This  type  of  furnace  is  also  described  as  the  horseshoe  fur- 
nace. It  is  more  recent,  and  was  more  widely  adopted  at  the  expense  of  the  step-grate. 

The  bagasse  falls  directly  from  the  feed  chute  into  the  furnace,  which  takes  the  form  of 
a  tank  in  the  shape  of  a  horseshoe,  and  forms  a  conical  heap  (Fig.  41.12).  By  means  of 
tuyeres  placed  all  around  the  horseshoe,  and  more  numerous  near  the  bottom,  air,  which  may 
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Fig.  41.12,  Conical  pile  of  bagasse  in  furnace. 


be  cold  but  is  preferably  preheated,  is  blown  into  the  pile  of  bagasse,  which  burns  away  and 
collapses  on  itself.  The  ashes  accumulate  at  the  bottom  of  the  furnace,  the  height  of  which 
should  be  designed  accordingly. 

The  horseshoe  furnace  requires  slightly  more  height  than  does  the  step-grate  furnace,  but 
has  the  advantage  of  dispensing  with  the  grate  bars  and  bearer  bars.  It  permits  of  higher 
combustion  rates  and  gives  better  results  from  the  point  of  view  of  efficiency. 

(c)  Ward  furnace.  This  type  (Fig.  41.13),  of  American  origin,  closely  resembles  the 


Fig.  41.13.  Ward  furnace.  Straight-tube  boiler  (Babcock  &  Wilcox). 
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Fig.  41.14.  Ward  furnace.  Bent-tube  boiler  (Babcock  Atlantique). 


horseshoe  furnace.  The  hearth  is  very  similar;  it  sometimes  has  a  cast-iron  plate  with  provi- 
sion for  circulation  of  a  small  proportion  of  the  air,  surmounted  by  an  oblong  furnace  carry- 
ing three  rows  of  tuyeres.  The  bagasse  burns  in  a  conical  heap  in  the  middle  of  the  hearth. 
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The  original  feature  of  this  furnace  lies  in  its  upper  portion,  and  its  advantage  is  its 
simplicity.  The  disadvantage  of  bagasse  furnaces  in  general  lies  in  the  necessity  to  install  a 
separate  furnace  in  such  a  way  that  the  heat  of  the  furnace  is  concentrated  on  the  burning 
bagasse,  while  the  hot  gases  are  made  to  follow  a  circuitous  path  before  reaching  the  relative- 
ly cold  heating  surface  of  the  boiler,  which  is  placed  out  of  "sight"  of  the  furnace.  With  the 
Ward  design,  the  furnace  is  placed  squarely  below  the  heating  surface;  and  so  that  combus- 
tion will  not  suffer  in  consequence,  a  small  inclined  arch  is  interposed  over  the  greater  part 
of  the  vertical  space  immediately  above  the  furnace,  so  as  to  reflect  heat  on  the  burning 
bagasse  while  screening  the  furnace  from  the  cold  tubes. 

In  boilers  with  straight  tubes  of  Babcock  or  Steinmuller  types,  two  such  arches  sloping  in 
opposite  directions  are  provided  (Fig.  41.13),  with  a  space  between  them  about  50  cm  wide 
across  the  width  of  the  furnace.  A  small  part  of  the  heating  surface  is  thus  in  sight  of  the 
fuel  bed. 

With  bent-tube  boilers,  of  the  Stirling  type,  the  first  pass  for  the  gases  is  placed  ahead  of 
the  boiler  itself  (Fig.  41.14);  since  the  heating  surface  is  not  in  sight  of  the  furnace,  a  single 
small  arch  is  sufficient.  The  space  left  between  it  and  the  opposite  wall  is  then  of  the  order 
of  100  cm. 

This  restriction  in  the  gas  path,  especially  in  the  former  case,  obviously  causes  a  high  gas 
velocity  at  this  point,  and  an  appreciable  draught  loss.  In  spite  of  the  simplification  of  the 
gas  circuit,  the  Ward  furnace  requires  a  higher  draught  than  other  types  of  furnace,  and  suf- 
fers a  greater  unburnt  gas  loss,  of  the  order  of  5-6%. 

Like  the  Cook  furnace,  it  is  particularly  well  suited  for  use  with  an  air-heater. 

A  height  of  about  4  m  is  allowed  between  the  hearth  and  the  arch. 

In  the  same  way,  at  least  4.3  m  will  be  allowed  between  the  top  of  the  furnace  and  the 
tubes  nearest  the  fire  (for  straight-tube  boilers,  as  Fig.  41.13).  This  recommendation  applies 
mainly  to  Ward  furnaces  but  also  to  those  of  horseshoe  (Cook)  type37a. 

When  it  appeared,  the  Ward  furnace  involved  a  slight  increase  in  the  height  required,  but 
presented  a  reduction  in  space  and  length  of  the  furnace,  and  a  saving  in  the  amount  of 
refractories.  At  present  (1982)  the  Ward  furnace  and  the  Cook  furnace  have  been  completely 
replaced  by  the  development  of  the  spreader-stoker  furnace;  their  efficiency  is  limited  by  the 
excess  air  requirements,  they  still  require  an  excessive  quantity  of  refractories,  their  upkeep 
is  expensive  and  they  are  not  suitable  for  automatic  operation. 

(d)  Spreader-stoker  furnace.  This  is  the  most  recent  type  of  furnace.  It  has  no  enclosing 
wall  as  has  the  Cook  or  Ward  furnace,  and  consists  simply  of  the  space  situated  between  the 
boiler  tubes  and  a  special  flat  grate. 

The  latter  may  be:  (a)  fixed;  (b)  of  hand-rocking  type  for  removal  of  ashes  (Fig.  41.15); 
(c)  mechanical,  with  continuous  discharge  of  ashes.  This  third  type  is  to  be  recommended 
for  capacities  of  35  tonnes  of  steam  per  hour  or  higher38.  At  present  (1982)  this  can  well  be 
recommended  for  above  20  t/h. 

It  is  the  method  of  feeding  the  bagasse  which  constitutes  the  most  original  feature  of  the 
spreader-stoker  furnace.  It  is  effected  as  in  a  Ward  furnace,  by  means  of  a  steeply  sloping 
chute;  but  at  the  moment  this  chute  discharges  the  bagasse  into  the  furnace,  air  under 
pressure,  supplied  by  a  pipe  located  just  behind  the  chute,  is  blown  in  through  a  longitudinal 
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slot  running  the  whole  length  of  the  bottom  end  of  the  chute,  and  throws  the  bagasse  violent- 
ly into  the  furnace.  The  bagasse  is  thus  dried  and  burnt  as  it  falls  into  the  furnace,  and  the 
largest  pieces  complete  their  combustion  on  the  grate.  The  proportion  of  bagasse  burned  in 
suspension  ranges  from  80  to  90%  according  to  the  size  of  the  particles. 

The  quantity  of  unburnt  solids  remaining  in  the  ash  pit  is  thus  greater  than  that  evacuated 
by  the  chimney.  It  is  estimated  that  a  total  unburnt  loss  of  2.5%  is  normal  (a  =  0.975). 

Whatever  type  of  grate  is  used,  the  air  spaces  through  the  grate  are  generally  made  3  -  5% 
of  the  grate  area,  instead  of  25-40%  for  step  grates.  A  certain  part  of  the  combustion 
air  is  supplied  by  the  air  under  pressure  which  serves  to  throw  the  bagasse  into  the  furnace. 

It  is  considered  that  the  spreader-stoker  furnace  permits  of  reducing  the  normal  excess  air 
to  30%  (instead  of  40  -  50%)  and  consequently  of  improving  the  efficiency  substantially. 

Moreover,  this  type  of  furnace  permits  a  combustion  rate  very  superior  to  that  of  other 
types.  For  example,  an  evaporation  rate  of  35-40  kg/h/m2  (7-8  lb./h/sq.ft.)  of  heating 
surface  may  be  obtained  compared  with  25  -  30  (5  -  6)  for  furnaces  of  Cook  or  Ward  type. 
Of  course,  the  dimensions  of  the  combustion  chamber  must  be  planned  to  suit  the  type  of 
boiler  chosen;  it  will  be  advisable  to  keep  to  combustion  rates  of  about  220,000  kcal/mVh 
(25,000  B.T.U./cu.ft./h),  and  not  to  go  above  260,000  (40,000),  values  reckoned  on  G.C.V. 


Fig.  41.15.  Spreader-stoker  furnace  with  rocking  grate  type  BR1  (Fives  Cail-Babcock). 
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Finally,  the  spreader-stoker  makes  ash  removal  easy,  is  easy  to  clean,  and,  having  no  ar- 
ches or  separate  furnace,  is  economical  in  brickwork. 

Each  fuel  distributor  can  ensure  a  good  distribution  of  bagasse  on  a  maximum  width  of 
approximately  1.2-  1.5  m  (4-5  ft.).  In  the  series  of  sizes,  when  a  change  is  made  from  a 
unit  with  n  fuel  distributors  to  one  with  (n  +  1)  distributors,  the  cost  per  tonne  of  steam 
per  hour  is  appreciably  increased.  It  is  therefore  advisable  to  choose  the  largest  model 
available  for  a  given  number  of  fuel  distributors. 

The  total  weight  of  air  supplied  to  the  furnace  is  approximately  five  times  the  weight  of 
bagasse  (eqn.  41.30).  It  is  distributed  in  the  following  proportions: 

Air  supplied  below  the  grate:  86  % 

Air  for  fuel  distributors:  6.5% 
Air  for  providing  turbulence  above  the  grate:  7.5% 

Combustion  chamber 

The  furnace  is  the  space  included  between  the  grate  (or  the  hearth,  for  a  hearth  type  of  fur- 
nace), the  side  walls  of  the  furnace,  the  arch,  the  front  wall  and  the  bridge  wall. 

The  combustion  chamber  includes  the  furnace  plus  the  free  space  traversed  by  the  gases 
between  leaving  the  furnace  and  reaching  the  boiler  tubes.  The  ashpits  are  not  included,  if 
such  are  provided. 

Combustion  chamber  volume.  The  volume  of  the  combustion  chamber  should  be  propor- 
tioned to  the  volume  of  gases  necessary  for  combustion.  This  volume  is  therefore  generally 
fixed  in  relation  to  the  quantity  of  heat  liberated  per  hour  by  the  fuel  used  (N.). 

Since  a  certain  ratio  exists  between  the  heating  surface  of  the  boiler  and  the  quantity  of 
steam  which  it  can  produce  (cf.  p.  955),  the  combustion  chamber  volume  may  also  be  related 
to  the  heating  surface  of  the  boiler. 

Deerr  recommends  30-90  dm3  of  combustion  chamber  volume  per  m2  (10-30 
cu.ft./lOO  sq.ft.)  of  heating  surface,  and  this,  according  to  his  figures,  would  correspond  to 
100,000  -  300,000  kcal/h/m3  (10,000-30,000  B.T.U./h/cu.ft.). 

Tromp40  suggests  20  -  100  dmVm2  (7  -  33  cu.ft./lOO  sq.ft.)  of  heating  surface,  the  highest 
figures  corresponding  to  the  highest  rate  of  combustion.  However,  as  a  function  of  the 
evaporation  rates  which  he  indicates,  this  would  correspond  to  about  300,000-700,000 
kcal/h/m3  (30,000-70,000  B.T.U./h/cu.ft.). 

In  Cuba,  figures  of  40  -  50  dmVm2  (13-16  cu.ft./lOO  sq.ft.)  of  heating  surface  are  used; 
in  Hawaii,  about  75  (25  cu.ft.).  These  values  are  not  applicable  to  furnaces  of  the  Ward  type. 

In  Louisiana41  values  of  180,000  kcal/mVh  (20,000  B.T.U./cu.ft./h)  for  bagasse  are 
taken,  220,000  for  fuel  oil,  and  a  maximum,  even  with  water- walled  furnaces,  of  270,000 
kcal/mVh. 

For  spreader-stoker  furnaces  of  Riley  type,  Miller42  gives  a  maximum  of  350,000 
kcal/mVh  (40,000  B.T.U./cu.ft./h),  but  recommends  keeping  in  the  region  of  220,000 
kcal/mVh  as  an  optimum  value,  in  order  to  improve  the  efficiency  and  minimize  the  forma- 
tion of  fly  ash. 

French  manufacturing  firms  design  for  170,000-250,000  kcal/h/m3  (19,000-28,000 
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B.T.U./h/cu.ft.)  of  combustion  chamber  volume.  Relating  this  to  the  heating  surface  of  the 
boiler,  and  expressing  combustion  volumes  in  volume  relative  to  heating  surface  area,  this 
corresponds  to  about  140-  160dmVm2  (46-52  cu. ft. /100  sq.ft.)  of  boiler  tube  surface,in- 
creased  where  appropriate  by  the  area  of  water  walls. 
The  best  results,  to  the  author's  knowledge,  are  obtained  with  the  latter  values,  but  the 

combustion  chamber  volume  is  a  relatively  elastic  figure  which  may  vary  between  fairly  wide 
limits. 

The  volume  V  of  the  combustion  chamber  is  then  given  by: 

BN.  /   BN.  \ 

V  ~  200^00  \  28,500/  (4L53) 

V  =  combustion  chamber  volume,  in  m3  (cu.ft.) 
B  =  weight  of  bagasse  burned,  in  kg/h  (lb./h) 
M  =  N.C.V.  of  the  bagasse,  in  kcal/kg  (B.T.U./lb.). 


Fig.  41.16.  Spreader-stoker  furnace  with  travelling  grate  (Babeock  &  Wilcox). 
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Dimensions  of  the  furnace 

All  the  furnace  dimensions  are  fixed  by  the  necessity  to  observe  the  following  conditions: 

(a)  Length  of  flame.  The  length  of  passage  for  the  burning  gases,  between  the  grate  and 
boiler  tubes,  should  be  at  least  5  m,  and  preferably  7-8  m.  It  should  not  exceed  10  m. 

Below  7  m  and  particularly  below  5  m,  the  gases  would  not  be  completely  burnt  on 
reaching  the  cold-water  tubes,  and  the  sudden  cooling  caused  by  their  passage  between  the 
tubes  would  to  a  great  extent  arrest  the  combustion,  thus  increasing  the  proportion  of  CO, 
and  decreasing  the  efficiency.  Furthermore,  below  5  m,  the  ash  entrained  with  the  gases  will 
not  be  completely  burnt,  and  will  thus  tend  to  adhere  to  the  tubes,  thus  becoming  harmful 
and  dangerous  (see  Fig.  41.17). 

On  the  other  hand,  if  the  length  of  path  for  the  gases  is  unnecessarily  increased,  there  will 
be  increased  losses  by  radiation  and  by  air  leakage,  as  well  as  an  increase  in  the  space  required 
and  in  the  cost  of  the  installation. 


Fig.  41.17.  Length  of  flame. 


(b)  Width  of  the  boiler.  The  various  types  of  water-tube  boilers  generally  have  a  given 
heating  surface  per  unit  width  of  furnace.  For  example: 

Cail-Steinmuller  boilers  with  headers:  110  m2/m  (360  sq.ft. /ft.)  width 
Fives  -  Stirling  boilers  with  3  drums:       135  mVm  (443  sq.ft. /ft.)  width 

With  recent  installations,  where  the  capacity  is  expressed  in  tonnes  of  steam  per  hour 
rather  than  in  heating  surface  area,  we  have: 

Fives  Cail-Babcock  boilers  with  BC1  type  furnace:  5  t/h/m  (1.5  t/h/ft.)  of  width 
Fives  Cail  -  Babcock  boilers  with  spreader-stokers, 

type  BR1:  6  t/h/m  (1.8  t/h/ft.)  of  width 
Fives  Cail-Babcock  boilers  with  spreader-stokers, 

type  BR2:  7  t/h/m  (2.3  t/h/ft.)  of  width 

BR3:  9  t/h/m  (2.7  t/h/ft.)  of  width 

BR22D:     12.5    t/h/m  (3.7  t/h/ft.)  of  width 
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To  avoid  the  drawbacks  of  a  complicated  shape,  the  combustion  chamber  should  have  the 
same  interior  width  as  the  boiler,  and  the  total  width  of  the  furnace  or  furnaces  should  be 
at  least  equal  to  the  latter. 

(c)  Volume  of  combustion  chamber.  Finally,  the  total  volume  of  the  combustion  chamber 
should  observe  the  conditions  given  on  p.  949. 

It  will  be  seen  that  the  length,  width  and  volume  of  the  combustion  chamber  must  conform 
to  certain  conditions,  leaving  little  liberty  to  the  designer  of  the  furnace.  The  least  imperative 
condition  and  the  most  elastic  of  the  three  is,  however,  that  of  the  volume,  which  can, 
without  great  inconvenience,  differ  appreciably  from  the  values  given. 

Secondary  air.  In  all  modern  furnaces,  there  is  provided,  in  addition  to  the  normal  air  or 
"primary  air",  entering  directly  through  the  grate  or  by  the  tuyeres  of  the  hearth  furnace, 
a  complementary  air  supply  for  "secondary  air",  behind  the  bridge  wall,  and  consequently 
after  the  furnace  proper.  This  air  is  introduced  by  a  small  duct  built  into  the  bridge  wall  (Figs. 
41.11  and  41.12). 

The  introduction  of  this  supplementary  air  for  combustion  has  the  object  of  ensuring  com- 
plete combustion  by  changing  to  COj  the  CO  which  may  remain  after  combustion  in  the  fur- 
nace. 

Secondary  air  is  generally  made  5  -  15%  of  the  total  air  supplied,  averaging  10%.  There 
is  no  advantage  in  exceeding  this  amount;  if  combustion  is  good  in  the  furnace,  i.e.  if  the 
combustion  temperature  is  high,  it  forms  very  little  CO,  and  there  would  be  risk  of  causing 
a  useless  increase  in  excess  air. 

Suspended  arch  furnaces 

The  roofs  of  older  boiler  furnaces  were  made  as  true  arches,  formed  from  curved  bricks. 
Then  flat  suspended  arches  were  adopted,  of  the  Fama  type,  which  cost  somewhat  more,  but 
lasted  much  longer  and  were  much  more  economical  in  upkeep.  It  is  considered  in 
Louisiana43  that  above  3.5  m  (12  ft.)  in  height,  it  is  similarly  advantageous  to  use  walls  of 
suspended  bricks,  the  weight  of  which  does  not  increase  the  pressure  on  the  bricks  at  the  base 
of  the  furnace. 

Today,  furnaces  are  designed  practically  without  horizontal  portions  and  thus  without  ar- 
ches, and  these  are  the  most  economical. 


THE  GRATE 

Grate  area 

In  step  grates,  combustion  takes  place  on  the  steps.  The  dead  plate  which  precedes  them 
serves  to  remove  the  excess  moisture  from  the  bagasse  before  it  comes  to  the  grate.  The  ash 
grate  which  follows  the  step  grate  serves  to  complete  the  combustion  and  to  utilise  the  heat 
transmitted  by  radiation  from  the  incandescent  bagasse  before  the  ashes  are  dropped  into  the 
ashpit.  The  grate  area  proper  is  that  obtained  by  multiplying  the  width  of  the  step  grate  by 
its  length  measured  along  the  slope,  between  the  first  and  the  last  step. 


THE  GRATE 
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In  horseshoe  or  Ward  furnaces,  the  grate  area  is  that  of  the  hearth  plate  inside  the 
horseshoe  or  the  walls  surrounding  the  furnace. 

In  spreader-stoker  furnaces,  the  grate  area  is  obviously  simply  the  flat  surface  which 
receives  the  bagasse,  of  the  rocking  grate,  or  the  upper  portion  of  the  travelling  grate. 

Weight  of  bagasse  burnt  per  unit  grate  area  per  hour 

The  rate  of  working  of  a  furnace  grate  is  expressed  by  the  quantity  of  bagasse  burnt  on  this 
grate  per  unit  area  of  the  grate.  We  shall  designate  this  rate  by: 

weight  of  bagasse  burnt  per  hour  on  the  grate  ...  ... 

0  -  — 5  &  &   (41.54) 

area  of  the  grate 

This  "combustion  rate"  is  interesting,  since,  to  obtain  sufficient  combustion,  it  is 
necessary  to  proportion  the  grate  area  to  the  quantity  of  bagasse  to  be  burnt  per  hour.  If 
the  draught  were  constant,  the  optimum  value  of  the  weight  of  bagasse  burnt  per  unit  area 
of  the  grate  per  hour  would  be  easily  fixed.  However,  this  value  increases  rapidly  with  the 
rate  of  operation  adopted,  whereas  the  efficiency  of  the  combustion  varies  little  with  the  rate. 
In  other  words,  the  graph  of  combustion  efficiency  as  a  function  of  rate  of  working  is  very 
flat,  and  we  may  obtain  a  very  good  combustion: 

(a)  At  low  draught  and  low  combustion  rate 

(b)  At  high  draught  and  high  combustion  rate. 

For  this  reason,  great  differences  are  found  in  the  figures  given  by  different  authors  on 
optimal  combustion  rates. 

Habif44  quotes  a  rate  corresponding  to  425  kg/m2/h  (87  lb. /sq.ft. /h),  while  Deerr39  gives 
a  figure  of  500  (100),  and  Tromp45  gives  1,200-  1,460  (250  -  300);  Shillington46  gives  a  figure 
of  1,460  (300)  in  the  same  units. 

We  shall  accept  as  optimal  rates  the  figures  in  Table  41.23. 


TABLE  41.23 


OPTIMAL  COMBUSTION  RATES  PER  UNIT  ORATE  AREA  FOR  BAGASSE 


kg/myh        lb.  /sq.ft. /h 


Low  500  -    700  100-140 

Moderate  700-    800  140-160 

High  800-1,000         160  -  200 


Contrary  to  what  might  be  imagined,  these  combustion  rates  scarcely  vary  with  the  type 
of  furnace.  At  continuous  high  ratings,  spreader-stoker  furnaces  sometimes  reach 
1,100-  1,200  kg/mVh  (225-245  lb./sq.ft./h). 

Rocking  grate  and  travelling  grate.  The  rocking  grate  is  becoming  widely  used.  It  has  been 
adopted  by  Babcock  and  Wilcox,  Thompson,  Foster  Wheeler,  Takuma  and  Yoshimine.  Fives 
Cail-Babcock  suggest  it  for  capacities  up  to  160  t/h  of  steam.  It  is  virtually  static  and  for 
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this  reason  gives  less  trouble,  its  upkeep  is  practically  nil  whereas  the  travelling  grate  requires 
checking  and  attention  at  each  weekly  shut-down;  it  allows  less  bagasse  loss.  The  total  cost  of 
a  boiler  with  a  rocking  grate  is  about  7%  lower  than  that  of  a  boiler  with  a  travelling  grate. 

The  travelling  grate  is  required  only  in  the  case  of  fuel  of  high  ash  content,  say  above  8%. 
This  is,  for  example,  the  case  with  bagasse  pellets  in  Hawaii.  It  is  then  advisable  to  control 
its  speed  so  as  to  obtain  an  ash  layer  as  low  as  possible,  but  sufficient  to  protect  the  grate 
from  direct  radiation  from  the  furnace. 

The  travelling  grate  generally  does  not  accept  combustion  air  at  a  temperature  above 
200°C. 

Evaporation  rate 

The  "evaporation  rate"  or  "rating"  of  a  boiler  is  the  weight  of  dry  steam  which  it  produces 
per  unit  heating  surface  per  hour. 
We  shall  designate  it  by  the  Greek  letter  T. 

Standard  evaporation  rate.  We  have  already  seen  (Table  41.21)  that  the  quantity  of  heat 
units  required  for  the  production  of  unit  weight  of  steam  varies  according  to  the  temperature 
of  the  feed  water  for  the  boilers,  and  according  to  the  pressure  and  also  the  superheat  of  the 
steam. 

To  render  evaporation  rates  comparable  with  one  another,  the  British  and  American  prac- 
tice is  to  relate  the  quantity  of  steam  produced  to  that  which  would  be  produced  if  the  feed 
water  were  at  100°C  (212°F)  and  if  evaporation  were  carried  out  at  atmospheric  pressure 
(from  and  at  100°C  (212°F)).  In  other  words,  the  quantity  of  heat  transferred  to  one  kg  (lb.) 
of  the  steam  produced  is  taken,  divided  by  539  (970)  (latent  heat  at  100°C  (212°F))  and  the 
weight  of  steam  generated  per  unit  area  of  heating  surface  is  then  multiplied  by  the  coeffi- 
cient so  obtained. 

The  standard  conditions  in  French  practice,  on  the  other  hand,  are:  feed  water  at  0°C, 
steam  at  100°C.  In  other  words,  French  engineers  replace  the  divisor  by  the  figure  639 
(1,150).  This  value  has  the  advantage  of  approaching  more  closely  to  the  order  of  magnitude 
of  the  quantity  of  heat  supplied  per  unit  weight  of  steam  in  modern  industrial  practice  (cf. 
Table  41.21). 

Example.  Consider  a  boiler  receiving  feed  water  at  90°C  and  producing  36  kg  steam/m2 
heating  surface/h  at  30  kg/cm2  (427  p.s.i.),  superheated  to  400°C. 

Each  kg  of  steam  has  thus  received  681  kcal  (cf.  Table  41.21)  The  standard  evaporation 
rate  will  then  be: 

(a)  English  rating:  TO  =  36  X  —  —  =  45.5  kg/mVh  (8.85  lb./sq.ft./h) 

(b)  French  rating:    TO  =  36  X  =  38.4  kg/m2/h  (7.46  lb./sq.ft./h) 

We  may  comment  that  the  English  rating,  to  be  rendered  comparable  with  the  French 
rating,  should  be  multiplied  by: 
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-—         0.8435  (41.55) 

639 

and  figures  according  to  the  French  rating,  to  convert  to  English  rating,  should  be  multiplied 
by  the  reciprocal  of  this  or  1.186. 

If  the  steam  produced  is  wet,  it  will  obviously  be  necessary  to  take  into  account  the  lower 
quantity  of  heat  which  has  been  supplied  to  each  kg  of  steam. 

In  the  following  discussion,  the  evaporation  rates  indicated  will  be  either  standard  English 
ratings  (from  and  at  100°C  (212°F),  TO)  or  actual  practical  ratings  obtained  (t). 

Average  evaporation  rates.  Older  semi-tubular  boilers  gave  an  evaporation  rate  of  about 
12  kg/m2/h  (3.0  lb./sq.ft./h). 

All  water-tube  boilers  are  capable  of  a  normal  rate  of  18  (4.4),  but  those  with  two  circula- 
tions cannot  be  forced  to  the  same  ratings  as  those  with  three  circulations.  We  may  reckon 
for  a  continuous  operation  when  pushed,  the  figures  of  Table  41.24. 


Boilers 


TABLE  41.24 

EVAPORATION  RATES  kg/fTl2/h  (lb./sq.ft./h) 

Accessory  heating  Furnace 
surfaces 


Evaporation 
rate  to 


Straight  tubes  Economiser  or  air-heater  Step-grate  22  (5.3) 

2  circulations 

Straight  tubes  Economiser  or  air-heater  Horseshoe  32  (7.8) 

3  circulations  or  Ward 

Vertical  bent  Economiser  and/or  Spreader-stoker  36  (8.7) 

tubes  air-healer 


With  an  economiser  and  air-heater  of  generous  dimensions,  it  is  possible  to  achieve  a  rating 
of  40  kg/mVh  (10  lb./sq.ft./h). 

In  all  these  discussions,  when  speaking  of  the  heating  surface  of  boilers,  we  take  into  ac- 
count the  heating  surface  of  the  boiler  tubes  and  of  the  water  walls,  but  not  those  of  the 
superheater,  economiser  and  air-heater,  which  contribute  to  the  total  evaporation,  but  to  a 
smaller  extent. 

When  the  evaporation  rate  is  raised  by  modifying  the  draught,  it  may  be  estimated  approx- 
imately that  the  evaporation  rates  will  vary  in  proportion  to  the  square  root  of  the  draught 
expressed  in  cm  (in.)  of  water. 

Ratio  of  heating  surface  to  grate  area 

We  shall  designate  this  ratio  by 

heating  surface  5  of  the  boiler  ,c, 

a  —   (41. jo) 

area  s  of  the  grate 
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Let: 

B  =  weight  of  bagasse  burnt  per  hour 
Q  =  weight  of  steam  generated  per  hour 
We  shall  have: 

BMy  =  970  Q  (41.57) 

Mv  =  fraction  of  the  C.V.  of  the  bagasse  which  is  recovered  in  the  steam,  given  by  eqn. 
(41.30),  in  kcal/kg  (B.T.U./lb.). 

But: 

B  =  Os 

and: 

Q  =  r0S 

Whence: 

S  MJ  i  Mv/5i 
s      639 to  \970x„j 

If  we  take  mean  values:  jS  =  750  kg/mVh  (150  Ib./sq.ft./h),  M  =  1,475  kcal/kg  (2,650 
B.T.U./lb.),  TO  =  30  kg/mVh  (7-7.5  lb./sq.ft./h),  we  see  that  a  is  of  the  order  of 50-75. 
For  a  spreader-stoker  furnace,  it  is  in  the  neighbourhood  of  50. 

However,  there  is  no  need  to  attribute  to  a  an  exaggerated  importance.  The  important  and 
interesting  values  are  those  of  TO  and  (3.  To  produce  the  quantity  of  steam  which  the  factory 
requires,  a  certain  boiler  heating  surface  will  be  necessary,  corresponding  to  a  suitable  value 
of  the  evaporation  rate  TO.  To  obtain  this  quantity  of  steam,  with  the  normal  efficiency  of 
the  boilers,  it  is  necessary  to  burn  a  certain  weight  of  bagasse,  and  consequently  to  install 
the  desired  grate  area,  after  having  chosen  an  appropriate  combustion-rate  figure  0.  It 
follows  that  we  shall  have  a  certain  boiler  heating  surface  S  and  a  certain  grate  area  s. 
However,  if  the  heating  surface  S  is  altered  for  any  reason,  without  altering  the  weight  of 
bagasse  burnt,  there  will  be  no  need  to  alter  the  grate  area  s  for  this  reason,  in  the  same  ratio, 
with  the  object  of  maintaining  a  certain  value  of  a.  Hence,  if  the  area  5  has  the  correct  value, 
it  is  necessary  on  the  contrary  to  retain  it. 

In  other  words  there  is  no  definite  interdependence  or  proportionality  between  s  and  S: 
these  two  areas  should  each  fulfil  certain  independent  conditions. 


PERFORMANCE  OF  DIFFERENT  FURNACES 

We  shall  now  discuss  particular  points  of  the  principal  types  of  furnace. 


(41.58) 
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Horseshoe  furnace 

Bagasse  burnt  per  unit  grate  area.  In  taking  as  area  of  the  furnace  the  plane  surface  at  the 
bottom,  comprising  the  interior  of  the  horseshoe,  this  furnace  permits  a  combustion  rate  ap- 
preciably higher  than  the  step  grate.  Tromp45  reports  2,200-3,200  kg  bagass/m2/h  (450- 
650  lb. /sq.ft. /h).  French  manufacturing  firms  prefer  to  base  their  designs  on  1,300- 1,800 
(270-360),  or  an  average  of  1,500  (300),  and  consider  rates  of  2,000  -  2,200  (400  -  450)  as 
maxima.  The  combustion  rate  of  the  furnace  is  a  function  of  its  perimeter  and  not  of  its  area. 
This  is  one  reason  for  the  large  variation  in  the  weight  of  bagasse  burnt  per  unit  area373. 

As  will  be  seen  from  the  two  groups  of  limits  indicated,  this  rating  may  be  modified,  by 
altering  the  draught  or  the  arrangement  of  tuyeres,  to  a  greater  extent  than  with  an  ordinary 
grate.  It  is  thus  a  more  flexible  design  of  furnace. 

Efficiency.  This  is  also  a  furnace  in  which  the  highest  temperatures  and  efficiencies  have 
been  recorded. 

It  offers  moreover  a  further  advantage,  which  is  by  no  means  negligible,  in  that  it  gives 
ashes  which  are  very  rich  in  potash,  and  nicely  pulverised. 

Height.  Since  it  has  no  ashpit,  the  horseshoe  furnace  requires  a  greater  height.  A  total  height 
of  4.5-5  m  (15-  17  ft.),  between  hearth  and  arch,  is  not  excessive.  This  height  should  not 
be  less  than  3  m  (10  ft.). 

The  furnace  proper,  that  is  the  portion  enclosed  in  the  horseshoe,  should  have  a  height 
of  about  2.5  m  (8  ft.),  or  2  m  (6.5  ft.)  as  a  minimum. 

Draught.  Ample  draught  should  be  provided  so  that,  when  high  ratings  are  required,  the 
air  jets  from  the  tuyeres  may  penetrate  deeply  into  the  burning  pile  of  bagasse.  Otherwise, 
some  bagasse  would  remain  unburnt,  or  at  least  combustion  would  be  incomplete,  with  for- 
mation of  CO,  since  the  air  has  no  other  means  of  reaching  the  fuel,  in  this  type  of  furnace. 

Air  velocity  in  the  tuyeres.  The  total  cross-section  of  the  tuyeres  will  be  calculated  so  that 
the  mean  velocity  of  the  air  will  lie  between  15  and  20  m/s  (50-65  ft./s).  A  value  of  less 
than  15  (50)  should  not  be  used,  otherwise  the  tuyeres  will  become  fouled  and  blocked.  The 
tuyeres  should  be  mainly  located  at  the  bottom  of  the  furnace:  85  -  90%  of  them  in  the  first 
30-38  cm  (12—  15  in.)  from  the  hearth,  with  the  remainder  in  one  row  0.6 —  1  m  (2-3  ft.) 
higher463. 

Ward  furnace 

Bagasse  burnt  per  unit  grate  area.  A  value  of  1,000-  1,200 kg/m2/h  (200-250  lb. /sq.ft./ 
h)  is  taken  as  a  normal  figure.  In  exceptional  cases  1,500  kg  (300  lb.)  may  be  attained  but, 
at  this  rating,  a  large  amount  of  unburnt  bagasse  particles  is  carried  through  to  the  chimney. 

Spreader-stoker  furnace 


Bagasse  burnt  per  unit  grate  area.  A  figure  of  2,500  -  3,000  kg/mVh  (500  -  600  lb. /sq.ft./ 
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h)  may  be  attained,  but  most  manufacturers  design  for  800  (160);  it  is  recommended  that  a 
figure  of  1,200  (175)  should  not  be  exceeded. 


The  heating  surface  comprises  that  of  the  boiler  tubes  and  the  tubes  of  water  walls,  when 
these  are  provided. 

It  should  be  noted  that  these  two  sections  of  the  heating  surface  are  in  no  way  comparable 
as  regards  the  proportion  of  heat  absorbed;  if  we  express  this  heat  absorption  as  weight  of 
steam  produced,  the  boiler  tubes  would  have  a  capacity  of  about  25  kg/m2/h  (6  Ib./sq.  ft./h); 
whereas  the  tubes  of  the  water  walls,  placed  vertically  and  in  single  layer,  exposed  to  the  full 
radiation  of  the  furnace,  would  attain  a  figure  of  65  (16)  (relating  their  heat  absorption  to 
their  total  commercial  surface  area).  If  there  are  no  water-wall  tubes,  the  full  heat  developed 
by  the  furnace  would  arrive  at  the  superheater  and  the  boiler  tubes,  and  the  evaporation  of 
the  latter  would  obviously  be  greater. 

The  heating  surface  required  in  a  sugar  factory  per  t.c.h.  depends  on  three  factors: 

(a)  The  steam  consumption  of  the  factory  per  t.c.  This  may  vary  from  a  maximum  of  750 
kg  (1,680  lb.)  in  a  poorly  equipped  factory  which  is  manufacturing  white  sugar,  to  a 
minimum  of  360  kg  (800  lb.)  in  a  modern  factory  making  raw  sugar,  and  using  pressure 
evaporation  or  thermo-compressors.  Generally,  steam  consumption  varies  between  450  and 
550  kg/t.c.  (1,000-  1,250  Ib./t.c). 

(b)  The  type  of  boiler  used,  the  normal  evaporation  rate  of  which  may  be  high  or  low. 

(c)  The  greater  or  lesser  intensity  of  boiler  operation. 

Since  it  is  advisable  to  allow  some  reserve  capacity,  it  will  be  preferable  to  provide  a 
heating  surface  corresponding  to  a  normal  rating. 


A  =  crushing  rate  of  the  factory,  in  t.c.h. 

Q  =  steam  requirements  of  the  factory,  in  kg/t.c.  (Ib./t.c.) 

T  =  evaporation  rate  of  the  boilers,  in  kg/mVh  (lb./sq. ft./h) 

S  =  heating  surface  of  the  boilers,  in  m2  (sq.ft.). 

we  have: 


HEATING  SURFACE 


If: 


AQ 


t'S 


(41.59) 


hence: 


S  = 


5 


=  Q 


(41.60) 


s 


A 


Ss  =  specific  heating  surface,  in  mVt.c.h. 


(sq.ft. /t.c.h.) 


If  we  take  Q  -  450  kg/t.c.  and  t'  =  30  kg/mVh  we  will  have: 


S  = 

s 


15  mVt.c.h. 


(165  sq.ft. /t.c.h.) 
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It  is  advisable  to  keep  in  reserve  some  older  boilers,  to  avoid  possible  stoppage  by  some 
mishap  with  one  of  those  in  service.  Also,  many  factories  work  at  a  value  of  Ss  of  20 
mVt.c.h.  (215  sq.ft. /Lc.h.),  to  avoid  lighting  up  the  reserve  boiler. 

Radiation  and  convection 

With  spreader-stoker  boilers,  when  the  tubes  of  the  water  walls  occupy  about  40%  of  the 
area  of  the  lateral  walls  (e.g.  vertical  tubes  of  3  in.  diam.  at  7.5  in.  pitch,  in  the  case  of  fives 
Cail  -  Babcock  boilers),  it  is  considered  that  27  -  28%  of  the  total  heat  developed  in  the  fur- 
nace is  absorbed  by  direct  radiation. 

Distribution  of  heat  absorption 

In  a  modern  boiler,  such  as  is  illustrated  in  Fig.  41.15,  the  usable  heat  is  distributed  as 
follows: 


Relative  tube  surface  Proportion  of  heat 

(%)  absorbed  (%) 

Water  walls  of  furnace:                  12  34 

Superheater:                                 6  15 

Boiler  tubes:                                  37  38 

Economiser:                                  45  13 


100  100 


Distribution  of  heating  surface 

In  modern  boilers,  the  total  heating  surface  has  no  great  significance,  on  account  of  the  dif- 
ference in  rates  of  heat  transfer  existing  between  the  different  components  of  the  boiler  unit. 
For  this  reason  the  figure  quoted  is  the  evaporation  per  hour  of  which  the  unit  is  capable, 
rather  than  the  heating  surface. 

By  way  of  example,  the  following  figures  give  the  heating  surfaces  for  a  Fives 
Cail -Babcock  boiler  type  BR2  43/68  of  60  t/h  steam  capacity,  tested  at  49  atm,  producing 
steam  at  42  atm  at  the  superheater  outlet,  temperature  of  superheat  420°C  (788°F),  feed 
water  temperature  105°C  (221  °F),  flue  gas  temperature  200°C  (392°F),  efficiency  83%. 


Water-wall  tubes: 

359  m2  = 

3,864  sq.ft.  = 

12% 

=  6 

m2/t  steam/h 

Plain  tube  assembly: 

1,340  m2  = 

14,424  sq.ft.  = 

44% 

=  22.3 

mVt  steam/h 

Superheater  tubes: 

140  m2  = 

1,507  sq.ft.  = 

5% 

=  2.3 

mVt  steam/h 

Economiser: 

1,189  m2  = 

12,798  sq.ft.  = 

39% 

=  20 

mVt  steam/h 

3,028  m2  = 

32,593  sq.ft.  = 

100% 

=  50 

mVt  steam/h 

The  combustion  chamber  is  8.21  m  in  width,  4.51  m  in  depth  and  8.50  m  in  mean  height, 
giving  277  m3  which  is  4.6  mVt  of  steam.  Grate  dimensions  are  8.21  m  in  width  and  4.26 
m  in  depth  =  35  m2  grate  area. 
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d  (mm)  thickness  (mm)     pitch  (mm) 

Water-wall  tubes:  76  4  185 

Front  tubes  76  4 

Middle  tubes:  63.5  3.2 

Rear  tubes:  63.5  3.2 

Superheater:  38  3.2 


The  lateral  water-wall  tubes  are  welded  into  upper  and  lower  headers.  The  front  water-wall 
tubes  are  welded  into  the  lower  header  and  expanded  into  the  upper  drum.  The  tubes  on  the 
bridge  are  expanded  into  the  upper  and  lower  drums,  and  the  tubes  connecting  the  two  drums 
are  expanded  into  both  drums. 

The  superheater  is  located  at  the  delivery  from  the  combustion  chamber  immediately  after 
the  direct  radiation  tubes.  The  boiler  has  six  Riley-France  spreader-stokers. 

The  grate  area  is  calculated  on  the  basis  of  1170  kg/m2/h;  this  should  correspond  to 
2,700,000  kcal/m2/h  reckoned  on  G.C.V.  of  2310  kcal/kg  (standard  proposed  by  Detroit 
Stoker  Co.). 
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Use  of  superheated  steam 

Use  of  superheated  steam  is  indispensable  where  power  supply  to  the  factory  is  by  a  steam 
turbine.  Table  41.25  gives  steam  conditions  often  used. 

TABLE  41.25 

CHARACTERISTICS  OF  STEAM  FOR  USE  IN  TURBINES 

18  kg/cmJ  gauge:  325-350°C  250p.s.i.g.:  620-660°F 

25  kg/cm2  gauge:  350-375°C  350  p.s.i.g.:  660-700°F 

30  kg/cm2  gauge:  375-400°C  425  p.s.i.g.:  700-750°F 

45  kg/cm2  gauge:  400-440°C  640  p.s.i.g.:  750-820°F 


Limit  of  superheat.  With  carbon  steels,  temperatures  above  425 °C  (800°F)  in  the 
superheater  tubes  cannot  be  used.  With  special  steels,  temperatures  of  500°C  (930°F)  are 
reached  and  exceeded,  but  the  latter  limit  is  of  little  interest  in  the  cane  sugar  factory. 

Superheaters 

Superheaters  are  heat  exchangers  placed  in  the  path  of  the  hot  gases.  They  are  generally 
located  in  any  suitable  free  space  in  the  neighbourhood  of  the  boiler  tubes  (Figs.  41.14  and 
41.15). 

They  receive  the  saturated  or  slightly  wet  steam  coming  from  the  boiler  drum  and  deliver 
it  in  a  superheated  state  to  the  general  steam  main  of  the  factory. 

They  are  generally  formed  from  tubes  of  small  diameter,  all  of  the  same  shape  with  several 
bends,  interposed  between  two  headers. 
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In  France,  the  heating  surface  of  superheaters  is  calculated  from  the  external  diameter  of 
the  tubes.  This  is  important  as,  due  to  the  small  diameter  and  the  thickness  of  the  tubes,  there 
is  a  substantia]  difference  between  the  internal  and  external  surface  areas. 

Calculations  for  superheaters 

We  have  two  principal  equations: 

M=  aPC(T,  -  T2)  =  p  (1  -  x)r  +  pc  (T  -  t)  (41.61) 

M  =  quantity  of  heat  transmitted  by  the  superheater,  in  kcal/h  (B.T.U./h) 
a   =  coefficient  ^   1,  generally  0.90 

P  =  weight  of  gas  passing  over  the  superheater,  in  kg/h  (lb./h) 
C  =  specific  heat  of  these  gases  (Fig.  41.46) 
7\  =  temperature  of  gases  at  entry  to  the  superheater,  in  °C  (°F) 
T2  =  temperature  of  gases  leaving  the  superheater,  in  °C  (°F) 
p    =  weight  of  steam  to  be  superheated,  in  kg./h  (Ib./h) 
x   =  dryness  fraction  of  the  saturated  steam  (0.80  —  0.98  in  general) 
r    =  latent  heat  of  vaporisation,  at  the  boiler  pressure,  in  kcal/kg  (B.T.U./lb.)  (cf.  Table 
41.1) 

c    =  mean  specific  heat  of  the  superheated  steam,  between  t  and  T°  (cf.  Table  41.2) 
t    =  temperature  of  the  saturated  steam,  at  the  boiler  pressure 
T  =  temperature  of  superheat  desired  or  obtained. 

m  -  a  (  '  ;  '  -  i±i) 

k  =  coefficient  of  heat  transfer,  in  kcal/m2/h/°C  (B.T.U./sq. ft. /h/°F),  which  varies  from 
50  to  65  (10-  13)  according  to  the  temperature  and  velocity  of  the  hot  gases.  Generally, 
a  value  of  55  -  60  (1  -  12)  may  be  used. 
S  =  heating  surface  of  the  superheater,  in  m2  (sq.ft.) 
Eliminating  M  between  eqns.  (41.61)  and  (41.62),  we  have: 

=  gQ  -  x)r  +pc  (7  -  t) 
(Tl  +  T2_T  +  t\ 

I  ~2  ~2  } 

Dryness  fraction.  It  may  be  remarked  that  the  influence  of  droplets  of  water  entrained  in 
the  steam,/?  (1  -  x)r  often  constitutes  the  greater  part  of  the  heat  to  be  supplied  to  the  steam. 

The  dryness  fraction  of  the  steam  for  superheating  is  generally  0.96-0.98.  In  the  cane 
sugar  factory,  figures  are  sometimes  quoted  of  18%  moisture  in  steam  (x  =  0.82).  It  will 
be  advisable  therefore  to  measure  the  dryness  fraction  or  to  make  a  generous  allowance  for 
it. 


Location  of  superheaters.  In  boilers  with  straight  inclined  tubes,  the  superheaters  are  plac- 
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ed  in  the  gas  circuit,  after  the  first  pass  across  the  tubes  and  before  the  second,  above  the 
tubes.  The  gas  temperature  at  this  point  is  then  of  the  order  of  600  -  700°C  (1,100  -  I,300°F). 
In  boilers  with  vertical  bent  tubes  and  two  drums,  it  is  often  placed  before  the  tubes.  It  thus 
receives  the  hot  gases,  of  temperature  800-  1,000°C(  1,500-  1,800°F);  the  gases  then  carry 
the  full  heat  content  apart  from  that  radiated  to  the  water  walls  of  the  furnace, 


Design  of  a  superheater.  We  shall  apply  the  preceding  formulae  to  a  concrete  example. 


Rated  capacity  of  boiler:  50  t/h 

Working  pressure:  30  kg/cm2  (427  p. s.i.)     (t   =  235°C  (454°F)) 

Moisture  in  bagasse:  48%  (w  =  0.48) 

Sugar  in  bagasse:  2%  (5   =  0.02) 

Excess  air:  40%  [m  -  1.4) 

Feed-water  temperature:  90°C  (194°F) 

Superheat  temperature  required:  400°C  (752°F)  (7) 

Dryness  fraction  of  saturated  steam:  98%  (x   =  0.98) 

Gas  temperature  at  the  point  where 

superheater  will  be  placed:  900°C  (1,650°F)  (7\) 

Gas  temperature  leaving  the  boiler:  225°C  (  437°F)  (Tz) 
Coefficients  of  heat  loss: 

unburnt:  a  -  0.975 

radiation:  0  =  0.975 

incomplete  combustion:  r\  =  0.97 


It  is  required  to  calculate  the  superheater  to  be  placed  in  this  boiler. 
Total  heat  to  be  supplied  per  kg  ofsteam  (Table  41.3) 

Total  heat  in  steam  at  30  kg/crn2  and  400°C:  771  kcal/kg  1,388  B.T.U./lb. 
Total  heat  in  feed  water:  90  162 

Heat  to  be  supplied  per  kg  of  water:  681  1,226 

Sensible  heat  lost  in  flue  gases  (eqn.  41.48) 

q  =  l(\  -  w)  (I Am  -  0.13  )  +  0.5]/  = 
[(0.52  x  1.83)  +  0.5]  225  -  327  kcal/kg  (588  B.T.U./lb.) 


Heat  available  per  kg  of  bagasse  (eqn.  41.50) 


Mv  =  (4,250  -   1,200^  -  4,850  w  -  q)a(3ri  = 
(4,250  -  24  -  2,328  -  327)0.975  X  0.975  X  0.97  =  1,450 kcal/kg       (2,610  B.T.U./lb.) 
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Weight  of  steam  supplied  per  kg  of  bagasse  burnt 

2.13  kg 
681  s 

Total  weight  of  bagasse  to  be  burnt 

CA  000 

B  =  !yyy-  =  23,475  kg/h(52,580  Ib./h) 

Weight  of  gas.  We  have  (eqn.  41.30): 

P  =  5.76  (1  -  w)m  +  1  =  5.193  kg/kg 

Or  total: 

P  =  5.193  X  23,475  =  121,900  kg/h  (273,050  Ib./h) 
Temperature  of  gases  leaving  the  superheater.  From  eqn.  (41.61),  we  have: 

T2  =  Ti  -    "—  [(1  -  x)r  +  c  (T  -  t)]  (41.64) 

so  noo 

T2  =  900  -  -—  —  —   -^r^r~  [(0.02  x  428)  +  0.567  (400  -  235)] 

0.90  x  121,900  x  0.32  n 

T2  =  900  -  145  =  755°C  (1,385°F) 

We  have  taken  C  from  formula  (41.46)  and  c  from  Table  41.13. 
We  may  also,  for  c,  apply  the  formula: 

c  =  0.468  +  0.000311/  (41.65) 

c    =  specific  heat  of  water  vapour  at  temperature  /. 

Calculation  of  S.  The  heating  surface  of  the  superheater  installed  is  thus  (eqn.  41.63): 

S  -  —  =        m2  (2,205  sq.ft.) 

55  ~"  * 


900  +  755    400  +  235  \ 
V        2  2  1 

(calculated  on  external  dia.  of  tubes). 
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Area  of  steam  passage.  The  superheater  should  offer  to  the  steam  sufficient  cross-sectional 
area  of  passage  to  give  a  veiocity  of  steam,  calculated  at  the  mean  temperature  (T  +  t)/2, 
of  about  20  m/s  (10-40  m/s)  (30-  130  ft./s). 

In  order  to  obtain  this  velocity,  which  it  is  desirable  to  realise,  it  is  often  necessary  to  sub- 
divide the  superheater  into  a  certain  number  of  sections  traversed  by  the  steam  in  series. 

Value  of  TV  If  the  temperature  of  the  gases  at  entry  to  the  superheater  is  not  known,  it 
may  be  measured,  or  an  approximate  value  may  be  obtained  by  a  calculation  analogous  to 
that  for  juice  heaters  (where  the  gases  play  the  role  of  the  heating  steam  in  the  heater,  and 
the  water  in  the  boiler  that  of  the  juice),  based  on  the  fraction  of  the  heating  surface  of  the 
boiler  already  swept  by  the  gases  before  reaching  the  position  where  the  superheater  is  to  be 
installed. 

The  value  of  T,  should  lie  between  500  and  700°C  (950-  1300°F)  for  straight-tube  boilers, 
or  between  800  and  1,000°C  (1,500-  1,800°F)  for  boilers  with  vertical  bent  tubes  and  water 
walls;  i.e.  the  position  chosen  for  the  superheater  should  be  one  where  the  temperature  of 
the  combustion  gases  lies  between  those  limits. 

Empirical  rule.  If  higher  temperatures  of  superheat  are  adopted  for  higher  steam  pressures, 
as  is  suggested  by  the  values  indicated  in  Table  41.25  and  which  is  a  logical  practice,  it  is 
satisfactory,  for  straight-tube  boilers,  to  dispense  with  the  calculations  for  the  superheater 
and  to  apply  the  following  empirical  rule:  the  heating  surface  of  the  superheater  should  be 
one-third  of  the  boiler  heating  surface: 


5    =  heating  surface  of  the  superheater 
S  =  heating  surface  of  the  boiler. 

Superheat  temperature  furnished  by  a  superheater 

Problem.  A  superheater  is  installed  and  it  is  desired  to  know  what  temperature  it  is  capable 
of  giving  to  the  steam  in  certain  conditions  of  operation. 

We  shall  retain  the  nomenclature  used  previously.  Here  S  is  given,  and  the  unknowns  are 
T2  and  T. 

We  eliminate  Mbetween  eqns,  (41.61)  and  (41.62),  replacing  T2by  its  value,  eqn.  (41.64), 
and  solve  for  T.  We  have: 


s  -  - 
3 


(41.66) 


T  = 


-(2T,  -  0  +  p  [ct  -  r  (I  -  x)]  ( 


2<xPC 


Sk 


(41.67) 


which  gives  the  temperature  sought. 
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De-superheater.  In  order  to  maintain  a  uniform  temperature  of  superheat,  which  does  not 
vary  abruptly  according  to  momentary  overloads  in  the  factory,  or  due  to  unexpected  stops, 
the  steam  leaving  the  superheater  is  passed  into  a  de-superheater  surface  traversing  the  lower 
boiler  drum,  which  evens  out  the  temperature  due  to  the  fact  that  the  temperature  of  the 
water  in  the  drum  is  practically  constant.  This  procedure  obviously  does  not  alter  the  heat 
balance  of  the  unit. 

This  operation  of  de- superheating  is  often  practised,  not  only  at  the  superheater  outlet, 
but  between  the  primary  and  secondary  superheaters,  these  two  sections  being  distributed, 
in  series  and  in  equal  sections,  across  the  width  of  the  boiler.  This  arrangement  avoids  an 
excessive  drop  in  superheat. 

Maintenance  of  superheaters 

On  account  of  their  complicated  form,  it  is  not  possible  to  clean  the  tubes  of  the  superheater. 

Now,  the  droplets  of  water  entrained  with  the  wet  steam  are  completely  evaporated  in  the 
superheater.  It  is  therefore  in  the  superheater  that  any  dissolved  materials  will  be  found 
which  may  have  been  introduced  into  the  boiler  with  the  feed  water. 

It  is  necessary  therefore  to  take  great  care  that  no  water  is  allowed  to  enter  a  boiler  fitted 
with  a  superheater,  which  may  contain  sugar  or  other  material  in  solution. 

If  the  superheater  becomes  fouled  with  a  deposit  of  carbon  or  a  sort  of  tarry  deposit  of 
burnt  sugar  due  to  this  cause,  the  cross-section  of  the  tubes  will  be  reduced,  with  consequent 
restriction  of  steam  flow,  while  at  the  same  time  its  heat  transfer  coefficient  will  be  reduced. 

There  is  then  no  alternative  but  to  replace  the  tubes,  and  to  take  all  precautions  to  avoid 
a  recurrence  of  the  incident. 

ECONOMISERS 

In  the  sugar  factory,  the  boiler  feed  water  is  generally  at  a  temperature  of  about  90°C 
(194°F).  Now,  the  saturation  temperature  at  which  the  water  should  be  fed  into  the  boiler 
to  be  transformed  into  steam  varies,  according  to  the  pressure  used,  between  164°C  at  6 
kg/cm2  (327°F/85  p.s.i.)  and  236°C  at  30  kg/cm2  (457°F/440  p.s.i.).  There  is  thus  a  large 
margin  of  temperature  to  be  made  up  in  the  boiler.  This  margin  means  that  a  substantial  pro- 
portion of  the  total  heat  has  to  be  supplied  to  the  water  before  evaporation  proper  com- 
mences. Assuming  the  feed  water  is  at  90°C  (194°F),  Table  41.26  gives  for  three  typical  cases, 
the  fraction  of  the  total  heat  represented  by  this  sensible  heat. 

Now  the  combustion  gases  leave  the  boiler  at  a  temperature  which  is  still  relatively  high, 
and  generally  above  the  saturation  temperature.  This  sensible  heat  content  of  the  gases  would 
be  lost  in  the  stack.  Hence  the  idea  of  utilising  their  sensible  heat  content  to  raise  the 
temperature  of  the  feed  water,  and  so  decrease  the  quantity  of  heat  to  be  supplied  to  the 
steam  in  the  boiler. 

This  is  the  principle  of  the  economiser.  It  is  a  heat  exchanger  placed  in  the  path  of  the  flue 
gases  leaving  the  boiler,  and  through  which  the  feed  water  is  circulated  between  the  food 
pump  and  the  boiler.  It  generally  takes  the  form  of  tubes,  in  most  cases  with  fins,  through 
which  the  water  circulates  in  series  (Fig.  41.18).  They  are  arranged  in  groups,  the  water  pass- 
ing from  one  tube  to  the  following  by  means  of  a  180°  bend. 
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TABLE  41.26 


FRACTION  OF  THE  TOTAL  HEAT  REPRESENTED  BY  THE  SENSIBLE  HEAT  TO  BE  SUPPLIED  TO  THE  WATER 

(to  =  90°C  (194°F); 


Steam 

press. 

Superheat 

Saturation 

Total  heat 

Sensible  heat 

Sensible  heat 

temp. 

%  total  heat 

f kg/cm2] 

(p.s.i.g 

.)    (°CJ  (°F) 

(QC) 

(°F) 

(kcal/ 

(B.T.U./ 

(kcal/ 

(B.T.Uv 

kg) 

Ib.] 

kg) 

Ib.J 

6 

85 

Saturated 

164 

327 

569 

1,026 

76 

136 

13 

10 

142 

Saturated 

183 

362 

574 

1,033 

96 

172 

17 

25 

356 

375  707 

225 

437 

670 

1,206 

141 

254 

21 

30 

427 

400  752 

235 

455 

681 

i.226 

154 

277 

23 

45 

640 

450  842 

256 

493 

704 

1,299 

176 

317 

25 

Fig.  41.18.  Finned  tube  for  economise!-. 


Two  principal  arrangements  are  adopted  for  economisers: 


(a)  General  economiser.  When  a  single  economiser  is  installed  for  the  whole  boiler  station, 
it  is  placed  in  the  main  flue  (Fig.  41.19).  A  by-pass  is  sometimes  provided  for  the  gases  so 
that  they  may  pass  through  the  economiser  in  normal  operation  or  may  go  direct  to  the  stack, 
to  permit  of  cleaning  the  economiser. 


(b)  Individual  economisers.  It  is  now  generally  preferred  to  provide  each  boiler  with  its 
separate  economiser.  It  is  then  placed  in  the  last  pass  of  the  combustion  gases  leaving  the 
boiler  (Figs.  41.15,  41.16  and  41.20). 


Corrosion.  To  avoid  corrosion47,  the  temperature  of  the  metal  should  not  fall  below  125°C 
(257°F).  If,  instead  of  bagasse,  a  fuel  containing  sulphur  is  used,  this  limit  should  be  increas- 
ed (for  example,  to  I43°Cfor  a  fuel  containing  3%  sulphur). 
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Fig.  41. 19,  Group  economiser  installed  in  main  flue. 


Fig.  41.20.  Babcock  Atlantique  boiler  type  BC1  with  Ward  furnace  and  economiser. 
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Calculations  for  economiser 

We  have  two  main  equations: 

M  =  aPC  (To  -    T)  =  pc(t  -  to)  (41.68) 

T  -  t0  =  {To  -  t)e~k(l- r)S/aPC  (41.69) 

M  =  quantity  of  heat  transmitted  by  the  economiser,  in  kcal/h  (B.T.U./h) 
a    =  coefficient  ^   1,  generally  between  0.92  and  0.96;  frequently  0.95 
P  =  weight  of  gas  passing  through  the  economiser,  in  kg/h  (lb./h) 
C  =  specific  heat  of  the  gases  (eqn.  41.46) 
To  =  temperature  of  gases  entering  the  economiser,  in  °C  (°F) 
T  =  temperature  of  gases  leaving  the  economiser,  in  °C  (°F) 
p   =  weight  of  water  to  be  heated,  in  kg/h  (Ib./h) 
c   =  specific  heat  of  the  water  =  1 

to  =  temperature  of  water  entering  the  economiser,  in  °C  (°F) 
/    =  temperature  of  water  leaving  the  economiser,  in  °C  (°F) 

k  =  heat  transfer  coefficient  for  the  economiser,  in  kcal/m2/h/°C  (B.T.U./sq.ft./h/°F), 
generally  between  10  and  35  (2  -  7),  according  to  the  degree  of  cleanness  of  the  exterior 
of  the  tubes,  the  velocity  of  the  water  in  the  tubes  and  of  the  gases  around  the  tubes, 
and  the  temperature  of  the  gases.  As  a  mean  value,  we  may  take  20  -  30  (4  -  6). 

S   =  heating  surface  of  the  economiser,  in  m2  (sq.ft.) 

r    =  ratio: 

f  -  to 

r=    -   (41.70) 

pc       To  -  T 

Equation  (41.69)  may  again  be  written: 

aPC       .    T0  -  t 

S  =    -In   41.71 

k(l  -r)        T-  fa  V  ; 

We  may  recall  that:  In  x  =  2.3  log  x 

Eliminating  aPC  between  eqns.  (41.68)  and  (41.71),  we  have  also: 

{To  -  t)  -  (T  -  to) 
M  =  kS-  (41.72) 
,    To  -  t 

In  

T  -  to 

First  problem.  Checking  an  existing  installation.  Determination  of  the  heat  transfer  coeffi- 
cient k. 

Data:  PC;  pc;  T0;  T;  t0;  t;  S. 
Unknown:  k. 
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From  eqn.  (41.71),  we  have: 


"PC       ,„  ----  (41.73) 


S  (1  -  r)       T-  to 

Second  problem.  Design  of  an  economiser.  Determination  of  heating  surface. 
Data:  PC;  pc;  To;  to  and  the  desired  temperature  t. 
Unknowns:  T;  S. 
From  eqn.  (41.68),  we  have: 

r  =  To  -  =  t.  -  ~~  (41.74) 

aru  r 

Hence  S  by  eqn.  (41.71),  where  we  may  take:  k  =  15-25  kcal/mVh/°C  (3-5  B.T.U./ 
sq.ft./h./°F). 

Numerical  example.  It  is  required  to  add  an  economiser  to  a  boiler  working  under  the  same 
conditions  as  that  in  the  project  for  a  superheater  on  p.  962.  The  weight  of  gases  will  be 
calculated  in  the  same  way,  and  we  proceed  from  the  value  P  found.  We  assume  then  that 
we  have: 


Steam  production  of  the  boiler: 

50 

t/h 

Temperature  of  gases  leaving  the  boiler  tubes: 

To 

350°C 

662°F 

Temperature  of  feed  water: 

to 

90°C 

194°F 

Feed  water  temperature  required 

(leaving  economiser): 

t 

165°C 

330°F 

Weight  of  combustion  gases  (calculated  p.  963): 

P 

121,900  kg/h 

273,050  lb. 

Calculation  of  T  We  have  (eqn.  41.70): 


aPC     0.95  X  121,900  x  0.285 

f  —  —   ~   =  0.66 

pc  50,000 


where  C  is  calculated  by  eqn.  (41.46);  and: 


165  -  90 

T  =  350  -  =  236°C  (456°F) 

0.66 


Calculation  of  S.  We  have  then  (eqn.  41.71): 

.  0.95  x  121,900  x  0.285  350  -  165  _ 

25  (1  -  0.66)  236  -  90 
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Variation  of  (t  -  to)  as  function  of  S.  It  is  of  interest  to  ascertain  in  what  proportion  t 
varies,  that  is  to  say  (t  -  to),  when  S  is  varied. 

If  we  adopt  the  following  conditions  assumed  as  standard: 


Moisture  in  bagasse: 
Excess  air: 

Steam  consumption  per  tonne  cane: 
Weight  of  bagasse  per  tonne  cane: 
Temperature  of  gases: 
Temperature  of  water  in  feed  tank: 


w 
m 


To 
to 


0.48 
1.4 

450  kg/t.c. 
252  kg/t.c. 
320°C 

'  90°C 


1,000  lb./t.c. 

560  lb./t.c. 
608°F 
194°F 


and  if  we  calculate  the  heating  surface  for  the  economiser  corresponding  to  a  crushing  rate 
of  100  t.c.h.,  we  obtain  the  graph  of  Fig.  41.21. 
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Fig.  41.21.  Temperature  rise  of  water  as  a  function  of  economiser  heating  surface. 


This  is  obviously  an  exponential  curve,  and  demonstrates  that  there  is  no  advantage  in 
seeking  too  great  a  gain  in  temperature;  this  would  require  an  enormous  heating  surface, 
which  would  hardly  be  payable.  With  1,800  m2  (20,000  sq.ft.),  a  temperature  rise  of  100°C 
(180°F)  is  obtained;  with  half  this  heating  surface  (900  m2;  10,000  sq.ft.)  we  obtain  70°C  or 
70%  of  this  temperature  rise.  It  requires  approximately  10  m2  to  gain  each  of  the  first  10°C, 
whereas  it  requires  35  m2  for  a  temperature  rise  of  1°C  between  90  and  100°C. 

Safety  margin 

On  the  other  hand,  economisers  are  generally  made  of  cast  iron,  to  decrease  the  corrosive 
action  of  flue  gases  and  ashes.  It  is  necessary  then  to  avoid  evaporation  of  water  in  the 
economiser,  for  which  it  is  not  designed.  It  is  necessary  therefore  to  keep  a  safety  margin 
between  the  temperature  t  of  the  water  leaving  the  economiser  and  the  boiling  point  cor- 
responding to  the  working  pressure  of  the  boiler. 

Von  Pritzelwitz48  recommends  a  margin  of  40°C  (72°F),  Eigenhuis  20°C  (36°F).  We  con- 
sider that  it  is  wise  not  to  go  below  30°C  (54°F). 
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Certificate 

It  is  considered  that  an  economiser  should  be  certified  for  a  pressure  20%  higher  than  that 
of  the  boiler49.  This  margin  is  not  imposed  by  law;  on  the  other  hand,  the  interior  diameter 
of  the  tubes  is  limited  by  law  to  a  maximum  of  10  cm  (4  in.) 

Ratio  r 

This  is  the  ratio  (t  —  to)/(T0  —  T)  between  the  rise  in  temperature  of  the  water  and  the  drop 
in  temperature  of  the  gases. 

It  varies  between  0.6  and  0.8;  that  is,  the  water  temperature  increases  by  0.7°  when  the 
gases  drop  by  1°. 

Maximum  economy 

The  maximum  economy  which  can  be  obtained  with  an  economiser  is  represented  by  the  frac- 
tion of  the  total  heat  of  the  steam  corresponding  to  the  sensible  heat,  such  as  is  given  for 
example  in  Table  41.26  reduced  by  the  heat  quantity  corresponding  to  the  safety  margin 
which  must  be  allowed. 

TABLE  41.27 

MAXIMUM  ECONOMY  REALISABLE  BY  ECONOMISER 

Safety  margin  30°C  (54°F).  Feed  water  at  90°C  (194°F) 

Total  heat  Sensible  heat  Recov- 

erable 

fkcal/     (B.T.UJ     fkcal/     (B.T.U./  (%) 
kg)  lb.)  kg)  lb.) 

10  142  Saturated  183  362  153  308  574  1033  65 

25  356  375       707  225  437  195  383  670  1205  111 

30  427  400      750  235  454  205  400  681  1225  121 

45  640  450      840  257  495  227  441  704  1263  148 


It  therefore  depends  on  the  steam  pressure.  With  superheat  as  in  Table  41.26  and  keeping 
a  safety  margin  of  12°C  (54°F),  it  would  be  approximately  as  given  in  Table  41.27. 

Velocities 

Economisers  are  generally  designed  for  the  following  velocities: 

(a)  Water:  0.5-1.0  m/s  (1.5-3  ft./s),  preferably  0.5 -0.6  m/s  (1.5-2  ft. A) 

(b)  Gases:  4-7  m/s  (13-23  ft./s),  preferably  5-6  m/s  (16-20  ft./s). 

These  values  are  those  which  offer  the  best  compromise  between  the  optimum  conditions 
for  heat  transfer  and  permissible  pressure  drops. 

Variation  of  heat  transfer  with  gas  velocity.  The  coefficient  of  heat  transfer  k  of  finned 
tubes  of  cast  iron  varies  with  the  interior  diameter  of  the  tube  and  the  mean  velocity  of  the 
gases  (Fig.  41.22). 
The  two  principal  types  of  economiser  used  in  the  sugar  factory  are: 
(a)  The  "Comeconomiseur"  (French)  and  "Air  Industrie"  with  steel  tubes  51  mm  dia. 
with  cast  iron  fins  122  X  122  mm,  5-7  mm  thick. 


Steam  pressure        Superheat      Saturation  Tmgx 

temp. 

(kg/cm2)  (p.s.i.g.)    CO      {"?)     CO      (oF)     CO  (°F) 


118  11 

200  17 

219  18 

266  21 
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Fig.  41.22.  Variation  of  heat  transfer  coefficient  with  flue  gas  velocity. 


(b)  The  Green  economiser,  type  ER  45,  with  fins  in  the  shape  of  elongated  hexagons;  tubes 
are  of  7  cm  (21  in.)  interior  dia.,  in  staggered  arrangement;  heating  surface  is  1.4  m2  per  m 
(4.5  sq.ft. /ft.)  length  of  finned  tube.  The  bends  are  of  smaller  diameter  than  of  the  tubes. 
This  economiser  takes  up  much  more  space  but  has  a  high  coefficient  of  heat  transfer. 

When  an  economiser  has  bends  of  smaller  diameter  than  the  tubes,  water  remains  in  the 
lower  portion  of  the  tube  when  the  economiser  is  emptied,  and  so  causes  rapid  rusting.  It 
is  thus  preferable  to  leave  it  full  during  the  slack  season. 


AIR-HEATERS 


In  addition  to  the  economiser,  there  is  another  type  of  equipment  permitting  of  the  partial 
recovery  of  the  sensible  heat  of  the  combustion  gases,  which  are  still  hot  as  they  pass  to  the 
chimney.  Instead  of  absorbing  this  heat  in  boiler  feed  water,  it  is  absorbed  by  the  air  which 
is  to  be  used  for  combustion  in  the  furnace.  The  equipment  is  then  called  an  "air-heater" 
or  a  "pre-heater". 
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Types  of  air-heater 

There  are  three  principal  types  of  air-heater: 

(a)  Tubular  air-heaters 

(b)  Plate  type  air-heaters  (Fig.  41.23) 

(c)  Regenerative  heaters. 

The  first  two  types  are  ordinary  heat  exchangers.  The  difference  between  them  is  simply 
that  the  heat  exchange  surface  consists  in  one  case  of  tubes,  and  in  the  other  case  of  plates 
of  sheet  metal. 

The  third  type  is  based  on  a  different  principle:  flue  gases  and  air  are  passed  alternately 
through  flues  containing  brick  chequer-work.  The  brickwork  is  heated  by  the  passage  of  the 
gases,  and  gives  up  the  heat  thus  stored  when  the  gases  are  replaced  by  air.  Alternatively, 
a  suitable  mass  for  absorbing  the  heat  may  be  made  to  pass  from  the  gas  stream  to  the  air 
stream,  and  conversely. 

These  recuperative  heaters  have  a  rather  low  efficiency,  but  present  the  advantage  of  not 
being  subject  to  corrosion,  and  of  not  requiring  any  cleaning.  They  are  not  employed  in  sugar 
factories  to  our  knowledge. 

The  term  "pre-heater"  is  generally  reserved  for  air-heaters  of  the  first  two  types,  with  heat 
transfer  surfaces  of  metal. 

Such  heaters  cannot  be  used  with  flue  gas  temperatures  above  about  500°C  (930°F).  At 
higher  temperatures,  the  tubes  or  the  plates,  even  if  of  cast  iron,  would  rapidly  become  unser- 
viceable. 

Tubular  air-heaters  are  made  with  tubes  of  ordinary  or  chrome -copper  steel,  of  7  cm  il\ 
in.)  o.d.  The  gases  pass  through  the  tubes  and  the  air  around  them. 

The  surface  of  the  tubes  or  the  plates  is  often  increased  by  the  use  of  fins.  As  there  is 
almost  always  corrosion  at  the  cold  end  of  the  heater,  tubular  heaters  have  the  advantage 
that  it  is  much  easier  to  replace  a  tube  than  a  plate,  since  the  plates  are  all  welded  together. 
As  the  heat  transfer  coefficients  are  comparable,  plate-type  heaters  have  been  almost  entirely 
replaced  by  tubular  heaters. 

As  the  fluids  on  both  sides  of  the  heat-exchange  surface  are  gases,  the  heating  surface  is 


Fig.  4]  .23.  Plate  type  air-heater. 
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calculated  on  the  mean  diameter  of  the  tubes  in  the  case  of  tubular  heaters,  i.e.  from  the 
mean  of  internal  and  external  diameters. 

Calculations  for  air-heaters 

We  have  here  exactly  the  same  equations  as  for  economisers  (41.68-41.72),  where p,  c,  t 
and  to  apply  to  the  air  instead  of  to  the  water. 

Ratio  r.  In  an  air-heater: 

(1)  The  weight  of  flue  gases  is  greater  than  the  weight  of  air  (since  P  =  Pa  +  1) 

(2)  The  specific  heat  of  the  gases  is  higher  than  that  of  the  air  (C  >  c). 
It  follows  that,  in  spite  of  the  coefficient  a,  the  ratio: 

rvPP  (  -  tfi 

=  —--  (41.75) 
pc       To  -  T 

is  generally  greater  than  1 .  It  varies  between  1 .2  and  1 .6,  generally  between  1.3  and  1 ,4.  That 
is,  when  the  flue  gases  drop  by  1°,  the  air  rises  in  temperature  by  1.3  or  1.4°. 
We  may  comment  that  if: 

t  -  to 
r  =  >  1 

To  -  T 


it  follows  similarly  that: 


To  -  t 

so  that  the  expression  for  5  (eqn.  41.71)  always  has  a  plus  sign.  We  may  in  fact  write: 

aPC      ,    To  -  t         aPC  T  -  to 

S  =   *  In  =  —   •  In   41 .76) 

k{\  -  r)        T  -  to      k  (r  -  1)       T0  -  t  ' 

shce: 

i  ct  „  b 
In  -  =  -  'In  - 

b  a 

It  will  be  necessary  to  make  the  same  changes  of  sign  in  eqns.  (41.72)  and  (41.73). 

Value  of  a.  For  air-heaters  of  metal  with  effective  circulation,  a  value  of  0.92-0.95  may 
be  adopted  for  the  coefficient  a. 


Value  of  k.  The  coefficient  of  heat  transfer  in  the  air-heater  is  of  the  same  order  of 
magnitude  as  in  an  economiser. 


AIR-HEATERS 


975 


Tromp50  gives:  k  =  10  kcal/mV°C/h  (2  B.T.U./sq.ft./°F/h). 
Clayton51  gives,  as  a  function  of  gas  velocity: 

Velocity  of  gases:    5    10    m/s  (    16     33  ft./s  \ 

it:  9    16    kcal/mV°C/h  \  1.84   3.28  B.T.U./sq.ft./°F/h.  / 

"Sciences  and  Technology"513  give  the  following  values  for  the  coefficient  k,  as  function 
of  gas  and  air  velocities: 

Gas  velocity: 
Air  velocity: 
Coefficient  k: 
Pressure  drop  gas  side: 
Pressure  drop  air  side: 

In  general  we  may  use: 

k  =  15-20kcal/mV°C/h(3-4B.T.U./sq.ft./°F/h),often  a  figure  of  18  (3.7) 
Velocities.  The  velocities  generally  used  are  as  follows: 

(a)  Air:  3  -  8  m/s  (10  -  26  ft./s),  in  general  5  -  7  m/s  (16  -  23  ft./s),  calculated  for  the  cold 
air.  A  larger  cross-section  will  be  taken  for  the  hot  air  so  as  to  give  the  same  velocity,  or  one 
slightly  higher. 

(b)  Gases:  5 -12  m/s  (16-40  ft./s),  generally  10-12(33-40). 

Design  of  air-heater.  It  is  required  to  determine  the  heating  surface  of  a  metal  air-heater 
with  systematic  circulation. 
Data:  PC;  pc;  T0;  to  and  the  desired  temperature  t. 
Unknowns:  T;  S. 

Numerical  example.  We  shall  calculate  the  heating  surface  in  the  following  case.  An  air- 
heater  is  to  be  installed  in  a  boiler  working  under  the  same  conditions  as  that  for  the  design 
of  the  superheater  and  of  the  economiser,  but  not  furnished  with  an  economiser.  The  weight 
of  gases  being  calculated  always  in  the  same  way,  we  commence  the  calculations  here  with 
the  value  of  B  found  (p.  963).  We  assume  then  that  we  have: 


4 

6 

8 

10 

13 

20 

26 

33 

6 

8 

10 

12 

20 

26 

33 

40 

8    10.5   11.5  12.5 
1.6    2.2    2.4  2.6 

4       7      13  20 
0.2     0.3     0.5  0.8 

8      13     20  30 
0.3    0.5     0.8  1.2 


m/s 
ft/s 

m/s 
ft/s 

kcal/m2/°C/h 
B.T.U. /sq.ft. /°F/h 

mm  water 
in.  water 

mm  water 
in.  water 
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Steam  production  of  the  boiler: 

50  t/h 

Temperature  of  gases  leaving  the  boiler  tubes: 

n  = 

350°C 

662°  F 

Temperature  of  ambient  air: 

h  = 

30°C 

86°F 

Temperature  of  hot  air  required: 

t  = 

200°C 

392°F 

Weight  of  combustion  gases: 

p  = 

121,900  kg/h 

273,050  lb 

We  require  to  calculate  the  heat  exchange  surface. 


Solution.  We  may  assume  that  the  data  are  those  applying  before  installation  of  the  air 
heater.  It  is  logical  to  calculate  the  air  heater  on  the  assumption  that  it  will  give  a  certain 
improvement  in  operating  conditions: 

(a)  Reduction  of  excess  air  from  40  to  36%:  m  =  1.36. 

(b)  Increase  in  temperature  of  gases  leaving  the  boiler  from  350  to  360°C  (662-680°F). 
These  two  improvements  reduce  the  weight  of  bagasse  to:  B  =  23,400  kg/h  (52,400  Ib./h) 

and  the  weight  of  gases  to:  P  =  11 8,700  kg/h  (265,900  Ib./h). 

Calculation  of  p.  The  weight  of  air  necessary,  in  the  same  way,  is  (eqn.  41.29): 
P  =  5.76  (1  -  w)m  =  5.76  x  0.52  x  1.36  =  4,073  kg/kg  (Ib./Ib.)  of  bagasse 
or  a  total: 

p  =  4,073  x  23,400  =  95,300  kg/h  (213,425  Ib./h) 


Calculation  of  T.  We  have: 

0.93  x  118,700  x  0.287 

r  =  =  1.385 

95,300  x  0.24 

We  have  calculated  C  by  eqn.  (41.46).  For  c,  the  value  varies  only  slightly  with 
temperature,  as  will  be  seen  readily  from  the  columns  for  N2  and  Oz  in  Table  41.13,  and  no 
appreciable  error  will  be  involved,  in  calculations  for  the  heater,  if  we  take  in  all  cases  c  = 
0.24. 

->nn  _  \t\ 

T=  360  -r^  •     =  237°C  (459°F) 

1.385 


Calculation  ofS.  Taking  the  heat  transfer  coefficient  as  18  kcal/mV°C/h  (3.7  B.T.U./ 
sq.ft./°F/h)we  have: 

0      0.93  X  118,700  X  0.287        ~  ,    217  -  10 

s  =  — -rrTri** — n —  x  '3  ,0s     ~   -  1'176  m  <12>870  sc»-ft-> 

18  (1.385  -  1)  jou  -  zuu 
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Variation  of  (t  -  t0)  as  a  function  of  S 

We  may  now  calculate,  as  for  the  economiser,  the  variation  of  the  rise  in  temperature  of  the 
air  (t  -  t0)  as  function  of  the  heating  surface  5  employed. 

Adopting  the  following  conditions,  which  have  been  purposely  chosen  to  correspond  to 
those  adopted  for  the  economiser: 


Moisture  in  bagasse: 
Excess  air: 

Steam  consumption  per  ton  cane: 
Temperature  of  flue  gases  leaving 
Temperature  of  ambient  air: 


w  =  0.48 
m  =  1.36 

450  kg     1,000  lb. 
boiler  tubes:    T0  =  330°C  626°F 
=    30°C  86°F 


and  plotting  as  ordinates  the  air-heater  surface  corresponding  to  a  crushing  rate  of  100  t.c.h., 
we  obtain  the  graph  of  Fig.  41.24. 

It  exhibits  exactly  the  same  form  as  that  found  for  the  economiser,  and  prompts  the  same 
comments. 


2000 


o 

9 


Hi 
a. 

4) 
u 
TO 

H~ 
L 
■J 

I/) 


lOOO 


500 


1  ! 

!  i 

 r  !  

i'  — 

i — 

"  —-!  1  1 

I  1 

— ! — h— 
l  i 

— 
,..  / 

!  j 

- — — f- — |  

— i — i — , 

i  i 

. ..  i  i  , 

— ' 

j  I 

S  =  f  (t- 

y 

j  ; 

1  

■  / 

4—- — — i  — 

• — 

i 
1 

1 

1 

 r~  r  

!  1 

i  i 

70     40     50    80    100    120    140   1&0  180  200 
Temp-  rise  of  air  lt-to)  °C 


Fig.  41.24.  Temperature  rise  of  air  as  a  function  of  air-heater  surface. 


Limit  of  temperature  obtainable 

Up  to  what  point  is  it  possible  to  pre-heat  the  combustion  air? 

Tromp52  indicates  200°C  (400°F)  as  a  temperature  obtained  in  practice.  Clayton53  states 
that  pre-heating  up  to  250°C  (482°F)  may  easily  be  obtained,  but  considers  it  wise  not  to  ex- 
ceed 180°C  (356°F),  otherwise  damage  will  be  caused  to  the  grate  bars  and  to  refractories 
in  the  furnace,  on  account  of  the  increased  temperature  of  combustion. 

However,  special  refractories  are  made  for  very  high  temperatures;  but  their  cost  would 
appreciably  reduce  the  advantage  of  the  additional  gain  in  temperature  sought. 

These  remarks  apply  only  to  older  types  of  furnace.  With  spreader- stoker  furnaces  and 
water  walls,  the  temperature  is  no  longer  the  limiting  factor.  It  is  then  the  cost  of  the  pre- 
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heater  that  must  be  balanced  against  the  saving  in  bagasse  realised;  Fig.  41.24  shows  that 
each  10°  of  further  gain  in  air  temperature  requires  a  greater  and  greater  heating  surface. 
There  will  thus  be,  as  for  an  economiser,  an  optimum  rapidly  reached  as  a  function  of  the 
respective  magnitudes  of  the  financial  charges  involved  for  the  air-heater  and  the  value  of 
the  bagasse  saved.  The  two  corresponding  graphs  could  be  drawn  and  would  establish  the 
point  where  they  show  the  most  attractive  saving. 

Increase  in  combustion  temperature 

What  is  the  effect  of  the  increase  in  the  temperature  of  the  combustion  air  on  the  temperature 
of  combustion? 

Referring  back  to  eqn.  (41.44),  we  might  consider  that  the  combustion  temperature  would 
increase  by  exactly  the  same  amount  as  the  increase  in  air  temperature. 

However,  this  formula  contains  an  approximation  which  was  justified  when  the  tempera- 
ture of  the  fuel  was  the  same  as  that  of  the  air  and  varied  with  it.  This  is  not  the  case  here, 
so  we  shall  repeat  the  calculation.  We  shall  designate: 
to  =  the  temperature  of  the  bagasse  and  the  ambient  air 
t   =  the  temperature  of  the  heated  air 

To  =  the  temperature  of  combustion  which  would  be  obtained  with  the  cold  air 
T  =  the  temperature  of  combustion  obtained  with  the  heated  air. 

Replacing  Thy  T0  in  the  second  term,  eqn.  (41.41)  gives  the  combustion  temperature  TO 
in  the  case  of  cold  air. 

If  the  air  is  heated,  the  supplementary  terms  to  be  added  to  the  two  sides  of  the  equation 
should  themselves  be  equal.  Hence: 


(41.77) 


or,  considering  the  mean  specific  heat: 


P  [c  ]'  (t  -  to) 


LP  [C\l  (T  -  To) 

to- 


(41.78) 


Hence: 


T-  To  _  Pa  [ca][ 
t  ~  P  [Ql 

i  c 


0.24P 

 a 

0.33P 


0.33  [5.76(l-w)w+l]  +  0.33 


0.24  X  5.76  (1  -  w)m 


or: 


T  - 


1 


to 


(41.79) 


1 1 


1.375  + 


4.19  (1  -  w)m 


Giving  extreme  values  to  w  and  to  m,  it  will  be  seen  that  the  ratio: 
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/  -  io 

6  =   (41.80) 

t     -  IQ 

lies  between: 

0.57and0.62 

For  mean  values:  w  =  0.46-0.48;  m  =  1.4-1.5;  we  have: 

B  =  0.6 

In  other  words,  in  a  bagasse  furnace,  the  increase  in  the  combustion  temperature  due  to 
pre-heating  of  the  air  is  60%  of  the  increase  in  air  temperature. 

Corrosion 

Dew-point.  Air-heaters  are  generally  fabricated  from  steeJ.  The  dew-point  of  the  combus- 
tion gases  lies  in  the  region  of  60-65°C  (140-  150°F),  hence  it  may  be  supposed  that  the 
danger  of  condensation  on  the  walls  of  the  heater,  and  consequenffy  of  corrosion,  would  be 
very  limited,  since  the  gases  leave  the  air-heater  at  a  temperature  which  is  always  greater  than 
100°C  (212°F).  In  practice,  points  always  exist  where  pockets  of  gas  are  formed,  the 
temperature  of  which  can  then  drop  to  the  dew-point. 

Recirculation.  To  avoid  such  risk  of  corrosion,  it  is  arranged  that  the  temperature  of  the 
air  itself  does  not  fall  below  65°C  (150°F).  This  is  obtained  by  using  "recirculation"  of  part 
of  the  hot  air. 

This  consists  simply  of  making  a  certain  proportion  of  the  hot  air,  leaving  the  heater, 
describe  a  closed  circuit:  it  is  taken  and  returned  to  the  air  inlet. 

Calculation  of  proportion  of  air  to  be  recirculated.  Let  x  be  the  fraction  of  the  air  used 
which  is  to  be  recirculated  (Fig.  41.25).  We  have  then: 

1  to  +  xt  =  (1  +  x)U  (41.81) 


Fig.  41.25.  Proportion  of  air  recirculated. 
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whence: 


o 


(41.82) 


to  =  dew-point  (approximately  65  °C;  150°F) 

to  -  temperature  of  ambient  air  (generally  30°  C;  86°F) 

t    -  temperature  of  hot  air  leaving  the  heater,  in  °C  (°F). 


Or,  in  the  general  case: 


x  - 


65^30  35^ 

t  -  65  -  t  -  65 


/  150_-_86 
\  f  -  150 


_64_\ 
/  -  150  / 


( 


3) 


It  is  seen  that,  for:  t  =  100°C  (212°F),  the  quantity  of  air  to  be  passed  through  the  heater 
will  be  double  that  used  for  combustion. 

Consequences  of  recirculation.  When  the  hot  air  temperature  t  is  sufficiently  high,  the 
recirculation  presents  little  difficulty:  the  efficiency  of  the  heater  is  not  appreciably  modified, 
since  the  increase  in  velocity  partially  compensates  for  the  decrease  in  temperature  difference 
between  gas  and  air.  It  is  the  cross-section  of  air  passage  and  air  velocity  which  must  mainly 
be  taken  into  account  with  recirculation. 

Measures  to  prevent  corrosion.  In  spite  of  recirculation,  premature  corrosion  of  air-heaters 
is  often  experienced,  particularly  at  the  gas  exit.  To  avoid  having  to  replace  the  whole  heater 
in  this  case,  it  is  preferable  to  fabricate  it  in  two  portions,,  the  second  comprising  about  one- 
third  or  one-quarter  of  the  whole;  it  is  then  sufficient  to  replace  this  second  section  when 
it  develops  holes. 

Lagging 

It  is  necessary  to  insulate  the  hot  air  duct  passing  from  the  air-heater  outlet  to  the  furnace, 
carefully  otherwise  a  large  proportion  of  the  heat  recovered  will  be  lost. 

Maximal  economy 

The  maximal  economy  which  an  air-heater  can  give  does  not  depend,  as  with  an  economises 
on  the  steam  pressure  of  the  boilers,  but  only  on  the  maximum  temperature  permissible  for 
the  air  (with  oid  furnaces)  or  on  the  optimum  dimension  of  the  heater  (water-walled  fur- 
naces). Generally,  the  maximum  improvement  in  efficiency  is  of  the  order  of  12%. 

It  will  be  seen  (c/.  Table  41.27)  that  the  maximum  economy  obtainable  with  a  heat  ex- 
changer in  the  flue  gases  is  greater: 

(a)  With  an  air  heater,  when  the  boilers  are  of  low  pressure 

(b)  With  an  economiser,  when  the  boilers  are  of  high  pressure. 
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ed.  Any  comparison  between  the  economiser  and  the  air-heater  should  thus  be  made  for 
equal  final  temperatures  of  the  gases  going  to  the  stack. 

We  may  remark  that,  with  good  modern  boilers,  each  of  these  two  heat  exchangers  permits 
the  maximum  economy  practicable  to  be  attained,  which  corresponds  to  flue  gases  leaving 
at  about  200°C  (400°F);  a  temperature  approaching  150°C  (300°F)  could  be  obtained  if  such 
heat  recovery  could  be  financially  or  practically  justified. 

Consequently,  the  factors  which  guide  the  choice  to  be  made  are  the  following: 

A.  'Heating  surface,  (a)  The  heat  transfer  coefficient  should  be  much  better  in  an 
economiser  (gas  to  water)  than  in  an  air-heater  (gas  to  gas).  In  practice,  the  difference  is 
small:  approximately  25%  in  favour  of  the  economiser. 

(b)  The  mean  difference  in  temperature  between  heating  fluid  and  heated  fluid,  which  in- 
fluences the  logarithmic  term  in  the  formulae  (41.71)  and  (41.76),  is  generally  greater  for  the 
air-heater,  so  reducing  the  heating  surface  required. 

Taking  these  two  factors  into  account;  for  equal  technical  economy,  the  heating  surfaces 
are  approximately  equivalent,  that  of  the  air  heater  being  only  20  or  25%  greater  than  that 
for  the  economiser. 

B.  Cost,  (a)  The  economiser  operates  under  pressure,  and  is  of  cast  iron.  The  air-heater 
works  at  atmospheric  pressure,  hence  is  not  subject  to  pressure,  and  is  of  steel.  It  should 
therefore  cost  much  less. 

(b)  However,  it  requires  an  additional  fan,  in  the  case  where  forced  draught  is  not  already 
used. 

Finally,  the  purchase  price  is  rather  definitely  in  favour  of  the  air-heater  for  equal  heating 
surface. 

C.  Maintenance  and  working  life.  Both  types  of  equipment  require  little  maintenance. 
Every  two  or  three  years,  it  is  necessary  to  dismantle  the  economiser  to  remove  soot  and  par- 
ticles of  rust  caught  between  the  fins  of  the  tubes;  but,  being  made  in  thick  cast  iron,  it  lasts 
much  longer  than  the  air-heater,  which  is  made  of  thin  sheet  steel.  One  may  estimate  approx- 
imately 20  years  life  for  an  economiser  and  10  years  for  an  air-heater. 

Furthermore,  the  furnace  temperature  being  lower  with  an  economiser:  (1)  the  grate  bars 
are  kept  cooler  and  thus  will  have  a  longer  life;  (2)  as  the  fusion  temperature  of  bagasse  ash 
is  often  rather  low,  there  is  less  risk  of  clinker  formation. 

D.  Associated  advantages.  The  air-heater  improves  combustion  and  generally  permits  a 
better  regulation  of  excess  air.  This  was  its  greatest  advantage,  but  it  is  much  less  marked 
with  modern  boilers,  where  combustion  is  already  very  efficient.  It  also  requires  additional 
ducts  for  air  and  flue  gases,  as  well  as  demanding  refractories  of  better  quality;  these  fac- 
tors increase  the  cost  of  installation. 

The  economiser  has  in  its  favour  the  lower  pressure  drop  in  flue  gas,  as  well  as  reduced 
power  for  fans.  The  higher  temperature  of  feed  water  favours  stability  of  water  level. 

Finally,  while  the  cost  of  the  air  heater  may  be  slightly  lower,  the  complete  installation  cost 
remains  much  the  same  for  both  cases. 
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Fuel  Oil.  Most  boilers  are  equipped  with  fuel-oil  burners  which  are  used  at  the  start-up 
and  in  places  where  it  is  required  to  supply  power  for  outside  uses  in  the  slack  season.  In 
these  cases,  the  air-heater  has  disadvantages: 

(a)  In  operation  with  the  gas  and  fuel  oil  together,  it  is  necessary  to  heat  the  combustion 
air  to  about  80°C  before  the  air-heater,  to  avoid  corrosion  due  to  sulphuric  acid  produced 
by  combustion  of  the  sulphur  content  of  the  fuel  oil.  This  pre-heating  uses  some  steam. 

(b)  Hot  air  cannot  be  used  in  the  oil  burners,  since  the  primary  air  fan  should  supply  a 
pressure  of  500  -  800  Pa  at  high  rating,  whereas  the  fuel-oil  fan  should  supply  2000  -  2500  Pa  at 
low  output.  These  two  pressures  being  incompatible  means  that  the  oil  burners  have  to  be 
supplied  with  cold  air. 

(c)  In  operation  with  oil  only,  the  heater  is  not  used  and  the  efficiency  is  low. 

Economic  efficiency.  In  general,  the  objective  is  to  reduce  the  flue  gas  temperature  to 
150-200°C  at  the  base  of  the  chimney.  It  is  scarcely  economic  to  take  this  any  lower. 

Conclusion.  In  the  final  count,  faults  and  advantages  partially  balance,  but  with  some  ad- 
vantage in  favour  of  the  economiser.  The  choice  will  sometimes  be  guided  by  a  matter  of 
detail,  of  convenience  of  installation  or  facility  of  insertion  in  a  new  unit.  A  horseshoe  fur- 
nace, requiring  forced  draught,  will  for  example  favour  the  air-heater. 

However,  from  the  fact  of  its  performance  and  its  life,  and  in  the  case  of  high-pressure 
boilers  (above  17.6  kg/cm2;  250  p.s.i.),  the  author  definitely  prefers  the  economiser. 

A  neat  solution  consists  of  installing  both  types  of  equipment  in  the  path  of  the  flue  gases. 
We  may  for  example  place  the  economiser  first,  followed  by  the  air-heater.  This  is  the  ar- 
rangement which  is  theoretically  most  logical:  it  is  of  advantage  to  stop  the  heat  exchange 
in  any  heat  exchanger  when  the  temperature  of  the  hot  fluid  approaches  too  close  to  that 
of  the  cold  fluid,  and  then  to  transfer  to  exchange  of  heat  with  a  cooler  fluid.  However,  by 
placing  the  air-heater  first  in  the  gas  circuit  (Fig.  41.26),  it  may  be  possible  to  dispense  with 
recirculation;  this  is  a  great  advantage  and,  for  certain  types  of  boiler,  can  be  conducive  to 
a  simpler  installation. 

Such  use  of  the  two  heat  exchangers  presents  several  advantages: 

(a)  A  large  safety  margin  for  the  economiser,  since  only  part  of  the  possible  temperature 
rise  is  being  sought. 

(b)  No  risk  of  deterioration  of  refractories  due  to  the  high  air  temperature,  for  the  same 
reason. 

(c)  In  the  case  of  a  breakdown  of  the  first  heat  exchanger,  there  is  a  possibility  that  the 
second  exchanger  will  compensate  for  it  to  a  certain  extent,  consequent  on  the  increase  of 
temperature  in  the  gases  entering  it. 

Efficiency 

When  the  efficiency  of  an  economiser  or  air-heater  is  calculated,  it  is  sometimes  found  to 
reach  or  exceed  1 ,  instead  of  lying  in  the  neighbourhood  of  the  value  expected:  a  =  0.90. 

This  phenomenon  is  explained  by  the  fact  that  part  of  the  unburnt  solids  and  of  the 
hydrogen  contained  in  the  gases  continue  to  burn  while  passing  through  the  air-heater.  (There 
would  be  no  question  of  CO,  which  requires  much  higher  temperatures.) 


CHOICE  BETWEEN  ECONOMISER  AND  AIR-HEATER 


983 


kCQl/t.C. 
160.000 


Heat  in  gases 


Ho- 


ot 


foi1 


at 


Heat  left 


n9 


01 


0.2 


0.3 


Dried 


0.4 

bagasse  moisture 


0.5 


Fig.  41.25a   Bagasse  drying.  Heat  available  in  flue  gases  and  heat  used  for  dryer  as  a  function  of  final  bagasse 

moisture  when  drying  100%  of  the  bagasse. 


Fig.  41,25b   Bagasse  dryer. 


984 


STEAM  PRODUCTION  AND  USAGE 


Ch.  41 


Fig.  41.26.  Cail-Steinmuller  boiler  with  horseshoe  furnace,  superheater,  air-heater  and  economiser. 

DRYING  OF  BAGASSE 

Apart  from  the  economiser  and  the  air  heater,  there  is  a  third  means  of  improving  combus- 
tion in  the  furnaces,  that  is  to  dry  the  bagasse  leaving  the  mills  before  sending  it  to  the  boilers. 
This  procedure  is  much  less  used  at  present,  but  has  every  prospect  of  being  employed  more 
and  more  in  the  future. 

To  consider  how  drying  can  be  realised,  we  assume  typical  or  frequent  conditions.  Sup- 
pose: 


Fibre  in  cane:  • 

/ 

=  0.15 

Ambient  air: 

t 

=  30°C 

Excess  air  to  the  furnace: 

m 

=  1.4 

Bagasse  at  50%  moisture  per  t.c; 

Bo 

=  300  kg 

Moisture  in  bagasse  leaving  the  mills: 

w 

=  0.5 

Ash  %  in  bagasse: 

c 

=  2.5% 

Temperature  of  gas  admitted  to  the  outlet  from  the  dryer: 

T 

=  120°C 

Temperature  of  gases  leaving  the  boiler  tubes: 

To 

=  350°C 
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Bo  and  To  are  values  before  installation  of  the  dryer.  The  temperature  T0  depends  on 
various  factors  and  in  particular  the  moisture  of  the  bagasse.  Moisture  content  must  thus  be 
taken  into  account  and,  taking  a  conservative  figure,  we  assume:  To  =  (400-lOOw)  °C. 

Similarly,  the  weight  B0  of  bagasse  will  obviously  vary  with  moisture  content  to  which  it 
is  reduced  starting  from  the  50%  assumed.  For  unit  weight  of  bagasse  of  50%  moisture,  we 
would  have: 

At  50%  moisture:  0.50  +  0.50  =  1  hence:  300  kg/t.c. 
At  40%  moisture:  0.50  +  0.40  =  0.9  hence:  270  kg/t.c. 
At  30%  moisture:  0.50  +  0.30  =  0.8  hence:  240  kg/t.c. 
At    w   moisture:  0.50  +    w  hence:  300  (0.5  +  w)  kg/t.c. 

Water  to  be  evaporated.  To  determine  the  quantity  X  of  water  to  be  evaporated  per  kg 
of  bagasse  to  reduce  it  to  any  moisture  content  w,  starting  from  a  moisture  of  0.5,  this  quan- 
tity will  be  such  that: 

0.5  —  ,  , .    0.3  —  w !-../!       c  i 

w  -    hence:    a  =  —  kg/kg  or  bagasse. 

1   —  A  1    —  W 

Or: 


X  - 

0 

for 

w  ~ 

0.5 

X  = 

0. 167 

for 

w  = 

0.4 

X  = 

0.286 

for 

w  = 

0.3 

X  = 

0.375 

for 

w  = 

0.2 

X  = 

0.444 

for 

w  - 

0.1 

X  = 

0.500 

for 

w  = 

0 

Weight  of  gas.  The  weight  of  gas  leaving  the  boiler  has  the  value  (formula  41.30  allowing 
for  ash  content): 

P  =  5.76  (1  -  w)  1.4  +  1  =  9.06  -  8.06w  kg/kg  of  bagasse 

hence  the  total  weight  of  gases: 

BP  =  300  (0.5  +  w)  (9.06  -  8.06 w)  =  1359  +  1509w  -  2418  w2  kg/t.c. 

Heat  required.  The  bagasse  must  be  heated  to  the  final  temperature  at  which  it  leaves  the 
dryer.  The  specific  heat  of  fibre  has  a  value: 

cf  =  0.266  +  0.00116* 


Between  30  and  120°C,  it  varies  between  0.301  to  0.405.  Since  this  is  a  relatively  insignificant 
term,  we  assume  a  mean  value  at  c  =  0.36;  the  heat  required  to  heat  the  fibre  is  thus:  300 
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x  0.5  X  0.36  (120  -  30)  =  4,860  kcal/t.c.  We  also  require  to  heat  the  water  contained  in 
the  bagasse  and  evaporate  it.  The  total  heat  of  this  vapour  (table  41.1)  at  120°C  is  646.  We 
thus  have: 

(646  -  -30)*=  6r6?~— -  =3-^--^^'kg7kg  of  Tresh  bagasse 

1  -  w  1  -  w 


or: 

300  308  -  m»  =  w^j^m*  M,tc 

1    -   W  \    -  W 

The  total  heat  necessary  is  thus: 

Cfr.1T  =  U»  +  «^2^_L8i^  =9730^660^.  ^ 

1    —    W  1     —  W 

The  heat  available  (Ch.D)  has  the  value,  assuming  an  efficiency  of  0.85  (if  the  dryer  is  in- 
sulated: otherwise  0.83): 

BP  (375-  120)0.285  X  0.85  -  61.8  BP 

or: 

61.8  (1.359  +  1.509w~  2.41 8 w*)  kcal/t.c. 

or: 

Ch.D  =  83.986  +  93.256  w  -  149.432  w2  kcal/t.c. 
Hence  the  table  of  heat  quantities  necessary  (Ch.N)  and  disposable  or  available  (Ch.D): 
w  W2  Ch.N  Ch.D       Balance  disposable 


( kcal/t.c.) 

(kcal/t.c.) 

for  drying 

(kcal/t.c.) 

0.5 

0.25 

4,860 

93,156 

93,156 

0.4 

0.16 

35,660 

97,379 

61,719 

0.3 

0.09 

57,660 

98,514 

40,854 

0.2 

0.04 

74,160 

96,660 

22,500 

0,1 

0,01 

86,993 

91,817 

-4,824 

0 

0 

97,260 

83,986 

-13,274 

There  is  no  advantage  in  drying  the  bagasse  below  10%  moisture,  as  it  would  be  liable  to 
increase  to  10%  by  absorption  of  atmospheric  humidity.  The  drying  operation  could,  for  ex- 


DRYING  OF  BAGASSE 


987 


ample,  be  taken  to  15  or  20%,  and  the  remaining  available  heat  in  the  gases  could  be  used 
in  another  heat  exchanger  such  as  a  small  economiser.  The  operation  could  indeed  well 
commence  with  the  economiser,  the  gases  from  which  would  go  to  the  bagasse  dryer.  This 
solution  would  indeed  present  the  advantage  that  the  economiser  would  show  a  very  good 
return  (see  p.  970). 

The  volume  of  the  dryer  is  approximately  12-15  mVt/h  of  water  to  be  evaporated. 

The  drying  of  bagasse  is  rather  expensive,  but  it  offers  the  great  advantage  of  being  the 
procedure  which  permits  the  flue  gases  to  be  brought  to  the  lowest  temperature,  and  thus 
giving  the  equipment  the  greatest  recovery  of  heat  from  the  flue  gases.  Whereas  economisers 
•and  air  Heaters  allow  reduction  of  the  gas  temperature  to  15O-20O°C,  the  bagasse  dryer 
allows  cooling  of  the  gasses  to  90°C,  the  only  limit  being  imposed  by  the  necessity  to  avoid 
cooling  to  the  dew  point  of  60  —  70°C.  However,  it  is  not  recommended  to  attempt  such  cool- 
ing, on  account  of  the  dimensions  and  costs  of  the  dryer,  which  become  excessive. 

Another  advantage  of  the  dryer  is  that  the  bagasse  introduced  to  the  furnace  is  heated, 
which  facilitates  combustion  and  rapid  ignition.  This  is  not  taken  into  account  in  the  calcula- 
tions, but  does  contribute  to  improved  combustion. 

On  the  other  hand,  dry  bagasse  is  readily  ignited  and  precautions  should  be  taken  in  the 
dryer  and  in  the  transfer  of  bagasse  to  the  boilers.  These  consist  especially  in  placing  a  steam 
valve  at  the  entry  to  the  dryer  so  as  to  extinguish  readily  any  fire  which  may  break  out  in 
the  dryer. 

The  velocity  of  gas  in  the  dryer  should  not  exceed  2.5  m/s,  to  avoid  entraining  fine  par- 
ticles. It  is  generally  kept  between  2  and  2.5  m/s. 

The  main  disadvantage  of  bagasse  drying  is  its  cost,  which  may  attain  three  times  that  of 
economisers  or  air  heaters.  For  this  reason  it  is  not  often  practised;  but  it  is  the  solution 
which  should  be  considered  when  it  is  desired  to  conserve  bagasse  for  slack-season  use  and 
in  particular  for  conversion  to  pellets. 

However,  if  the  whole  of  the  bagasse  is  dried,  these  velocities  lead  to  dryers  of  huge  dimen- 
sions, cumbersome  and  expensive.  In  this  case  a  compromise  will  be  chosen  where  a  dust 
separator  is  interposed  before  the  chimney. 

A  logical  solution  consists  of  passing  the  gases  first  to  a  heat  exchanger,  economiser  or 
air-heater,  which  forms  part  of  the  boiler  unit  and  reduces  gas  temperatures  to  280-  300°C. 
The  gases  are  then  sent  to  the  dryer,  which  can  be  of  rotating-drum  type  resembling  the 
"Roto-Louvre"  type  of  sugar  dryer,  furnished  with  vanes  which  move  the  bagasse  along  the 
length  of  the  rotating  cylinder.  On  account  of  its  length,  it  can  be  divided  into  two  sections, 
the  first  taking  the  gas  away  from  the  boiler,  the  second  returning  it  to  the  base  of  the 
chimney. 

It  will  obviously  be  desirable  to  provide  a  system  of  bagasse  feeding  and  removal  at  entry 
to  the  dryer  and  exit  from  it,  which  effectively  prevents  air  and  gas  leakage,  following,  for 
example,  the  principle  indicated  in  Fig.  41.9. 

Comment.  We  have  given  the  complete  calculation,  for  drying  bagasse  to  zero  moisture 
content,  since  progress  in  the  industry  and  in  technique  may  one  day  render  such  total  drying 
desirable.  However,  for  combustion  of  bagasse  in  the  spreader-stoker  furnaces  used  at  pre- 
sent, drying  is  generally  not  taken  below  30%  in  the  dried  bagasse,  since  a  drier  fuel  would 
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involve  risk  of  higher  combustion  temperatures  which  could  cause  deposit  of  fused  ash  on 
the  boiler  tubes. 

On  the  other  hand  it  would  appear  that  drying  by  a  combination  of  pneumatic  conveying 
and  fluidised  bed  operation  would  reduce  operating  costs  relative  to  those  of  a  drum  drier, 
and  that  separation  of  the  dried  bagasse  into  fine  and  coarse  fractions  would  permit  of  handl- 
ing and  combustion  better  adapted  to  the  different  fractions.  The  dimension  for  separation 
of  the  two  fractions  would  correspond  to  a  length  of  1.5-2  mm. 


BOILER  SETTINGS 

Bricks 

Most  factories  use  the  standard  European  brick  of  220  X  110  X  60  mm  (9  x  4^  x  2|  in.). 
Resistance  to  temperature 

It  is  now  possible  to  obtain  temperatures  of  1,340°C  (2,450°F)  in  ordinary  furnaces  with  cold 
air,  1,450°C  (2,650°F)  in  furnaces  supplied  with  pre-heated  air. 
We  should  choose: 

(a)  In  the  former  case,  bricks  of  at  least  20-25%  of  alumina 

(b)  In  the  latter  case,  bricks  of  at  least  30-35%  alumina. 

The  prices  of  these  two  types  of  refractory  are  about  25  and  50%  higher,  respectively,  at 
the  point  of  manufacture,  than  the  price  of  ordinary  bricks  of  15  —  18%  of  alumina. 
However,  when  they  are  purchased  at  a  great  distance  from  the  sugar  factory,  this  difference 
in  cost  price  becomes  less  important,  since  expenses  of  handling,  transport,  and  freight  are 
the  same  for  all  types  of  brick,  and  consequently  independent  of  the  quality. 

Expansion  joints 

In  all  brick  walls  of  the  furnace  and  the  boiler  setting,  it  is  necessary  to  allow  expansion  joints 
of  0.5  cm  (3/16  in.)  every  60  cm  (2  ft.).  They  will  not,  however,  be  placed  in  the  walls  of 
the  horseshoe  or  a  furnace  of  hearth  type. 

In  the  furnace  arches,  the  bricks  should  be  arranged  in  separate  rows.  The  arch  thus 
becomes  a  series  of  independent  small  arches  in  juxtaposition,  of  length  equal  to  that  of  one 
arch  brick.  This  has  the  advantage  of  avoiding  half-bricks.  Thus,  an  expansion  joint  of  0.5 
cm  (3/16  in.)  can  be  arranged  between  these  small  arches,  every  three  arches. 

Bricklaying.  In  Europe,  a  bricklayer  lays  700  firebricks  in  8  hours.  In  tropical  countries, 
the  figure  sometimes  falls  to  between  100  and  400. 

Drying  out  new  brickwork 

When  construction  of  furnaces  or  flues  is  finished,  they  should  be  dried  out  very  carefully, 
by  lighting  a  small  fire,  which  will  be  increased  progressively  during  at  least  three  days. 

Screen  walls. 

In  modern  boilers,  the  heavy  brickwork  side  walls  are  replaced  by  "screen  walls",  in  other 
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words,  the  wall  is  omitted,  the  outer  rows  of  tubes  are  joined  together  by  welded  steel  plates, 
and  the  outer  side  is  insulated.  This  simplifies  the  construction  and  effects  a  substantial 
economy. 

Cross-section  of  flues 

(A)  Velocity  of  gases.  A  cross-section  should  be  adopted  for  flues  such  that  the  velocity 
of  the  gases  is: 

(a)  In  the  case  of  natural  draught:  4-10  m/s  (13-33  ft./s);  preferably  5  m/s  (15  ft./s) 

(b)  In  the  case  of  forced  draught:  8-  16  m/s  (25  -  50  ft./s);  preferably  10-  12  m/s  (30-40 
ft./s) 

B  Volume  of  gases.  Equation  (41.35)  gives  us: 

K  =  4.45  (1  -  w)m  +  0.572w  +  0.672  NmVkg  of  bagasse 
(71.3(1  -  w)m  +  9.17  w  +   10.75  Ncu. ft. /lb.) 

With  w  =  0.48  and  m  =  1.5: 

K  =  4.42  NmVkg  bagasse  (70.8  Ncu.ft./lb.) 

at  N.T.P.  Or  at  250°C  (480°F): 

V  =  4.42  x   =  8.5  mVkg  bagasse  (135  cu.ft./lb.  bagasse) 

Say:  8-9  mVkg  (130-  140  cu.ft./lb.)  for  mean  values  of  w  and  m. 

(C)  Section  of  flues.  In  the  general  case  of  forced  draught,  and  basing  calculations  on  a 
gas  velocity  of  1  1  m/s  (36  ft./s)  and  on  a  volume  of  9  m3  (140  cu.ft.)  of  gases  per  kg  (lb.) 
of  bagasse,  the  cross-section  of  the  flues  should  be: 

9,000 

S  =  ^J&^TlV  =  0,23  mVt  ba«asse/lK2.42  sq.ft./t/h)  (41.84) 

If  it  is  desired  to  relate  this  cross-section,  not  to  the  weight  of  fuel  burnt  but  to  the  weight 
of  steam  produced,  it  will  be  necessary  to  multiply  the  value  just  found  by  the  factor  /  in 
Table  41.22.  If  for  example  we  adopt  a  factor  of  2.17,  we  would  have: 

s  =  0.50  mVt  steam/h  (5.3  sq.ft./t/h)  (41.85) 

DRAUGHT 

In  order  to  maintain  the  temperature  and  the  rate  of  combustion,  it  is  necessary  to  pass  the 
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required  quantity  of  air  through  the  furnace  and  over  the  fuel  bed.  Since  the  path  of  the  gases 
is  complex,  with  many  resistances  to  overcome  (passing  through  the  fuel  bed  and  between 
the  boiler  tubes,  sudden  changes  of  direction,  etc.),  and  since  it  is  necessary  to  give  the  gases 
a  rather  high  velocity,  as  seen  in  the  foregoing  figures,  maintaining  this  flow  of  gas  demands 
a  certain  expenditure  of  energy  which  is  normally  supplied  in  the  form  of  a  motive  pressure. 
This  actuating  pressure  may  be  obtained  from  two  sources: 

(a)  From  the  thermal  energy  produced  by  the  combustion:  this  is  natural  draught 

(b)  From  an  external  source,  fan  or  some  other  means;  this  is  forced  draught. 

We  shall  disregard  natural  draught,  which  is  no  longer  found  in  the  sugar  factory  and 
which  is  discussed  in  the  first  edition  of  this  book  (p.  730).  Requirements  of  a  chimney  for 
the  general  case  of  mechanical  draught  will  be  discussed. 

Draught  in  the  flues 

The  draught  or  suction  is  the  difference  between  the  outside  pressure  and  the  pressure  in  the 
interior  of  the  flue.  Itis  expressed  inmm  or  inches  of  water  (1  in.  ofwater(=  1  in.  w.g.)  =  0.036 
p.s.i.),  and  is  easily  measured  in  an  existing  installation,  with  the  aid  of  a  small  U-tube  con- 
taining water  (Fig.  41.27). 


Fig.  41,27.  Measure  of  draught. 


The  chimney 

A.  Velocity  of  gases  leaving  the  chimney.  The  velocity  v  of  gases  leaving  the  chimney  in- 
volves a  loss  of  energy.  It  is  therefore  undesirable  to  overdo  it.  With  natural  draught,  it  was 
always  necessary  to  have  sufficient  velocity  to  avoid  disturbance  to  the  operation  of  the 
chimney  by  the  vertical  component  of  the  prevailing  winds;  for  this  purpose  a  value  v  of 
4.5-5  m/s  (15-16  ft./s)  was  employed.  For  mechanical  draught,  the  exit  velocity,  with 
short  chimneys,  helps  to  disperse  more  effectively  the  "fly  ash",  which  is  often  a  nuisance 
to  the  factory  and  its  neighbourhood.  Generally  a  velocity  of  12-  16  m/s  (40-50  ft./s)  is 
used. 

B.  Cross-section  of  the  chimney.  The  choice  of  velocity  of  gases  leaving  the  chimney  in- 
volves the  determination  of  its  cross-section  at  the  top.  We  know  the  output  of  gas  to  be 
allowed  for: 
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Q    =  volume  of  gases  to  be  handled  by  the  chimney,  in  mVs  (cu.ft./s) 
B    =  weight  of  bagasse  burnt  in  the  furnaces  served,  in  kg/h  (Ib./h) 
V  =  volume  of  combustion  gases,  given  by  eqn.  (41.35),  and  converted  to  the  temperature 
and  pressure  ruling  at  the  top  of  the  chimney. 

V   -   V    x273  +'  V  x  459  +  M 

*       8~      273'  \  8    459  +  32  / 

If  the  weight  of  steam  produced  is  known  more  accurately  than  that  of  bagasse  burnt,  the 
term  B  in  eqn.  (41.86)  may  be  replaced  by  p/f: 
p   =  weight  of  steam  produced  by  the  boilers,  in  kg/h  (Ib./h) 
/    =  factor  calculated  or  given  by  Table  41.22. 

The  temperature  of  the  gases  at  the  top  of  the  chimney  may  be  taken  equal  to: 

tt=  tc  -  a  (tc  -  t)  (41.87) 

ts  =  temperature  of  the  gases  at  the  top  of  the  chimney 

t  =  temperature  of  the  gases  at  the  base  of  the  chimney 

tg  =  ambient  temperature 

a  =  coefficient  having  a  value: 

0.001  H  (0.0003  H)  for  brick  or  stone  chimneys 
0.002// (0.0006//) for  chimneys  of  reinforced  concrete 
0.003  H  (0.0009//)  for  steel  chimneys 

H  =  height  of  chimney,  in  m  (ft.). 

C.  Height  of  the  chimney.  The  height  of  the  chimney  is  important  only  with  natural 
draught  (see  first  edition,  p.  733).  With  mechanical  draught,  it  is  determined  mainly  by  the 
necessity  of  dispersing  the  fly  ash  sufficiently  far  to  avoid  a  nuisance  to  the  factory  and  places 
nearby.  Generally  a  height  of  30-60  m  (100-200  ft.)  is  adopted,  or,  better,  15-20  m 
(50-65  ft.)  above  the  ridge  of  the  factory  roofs. 


Mechanical  draught  systems 

There  are  three  principal  systems  of  mechanical  draught: 

A.  Forced  draught.  The  air  may  be  fed  under  pressure  below  the  grate  with  step  grates, 
or  in  the  air  distribution  chamber  of  horseshoe  or  Ward  furnaces  or  spreader-stokers. 

This  system  has  the  advantage  of  producing  atmospheric  pressure,  or  slightly  above,  in  the 
combustion  chamber,  and  consequently  avoiding  any  entry  of  air  by  leakage,  in  spite  of 
cracks  or  lack  of  tightness  in  the  brickwork. 

Forced  draught  is  used  especially  in  the  cases  where  an  air-heater  is  installed,  as  well  as 
in  horseshoe  and  Ward  furnaces,  and  with  spreader-stokers. 
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B.  Induced  draught.  This  is  the  commonest  system;  the  fan  is  placed  above  the  flues,  bet- 
ween the  boiler  and  the  chimney. 

C.  Ejector  draught.  This  is  another  form  of  induced  draught;  the  suction  is  produced  by 
a  steam  nozzle  discharging  into  the  chimney  and  producing  a  Giffard  effect  on  the  gases,  or 
preferably  by  a  fan  placed  outside  the  flue  circuit  and  producing  the  Giffard  effect,  by 
withdrawing  part  of  the  gases  from  the  flue  and  returning  them  by  a  nozzle  discharging  into 
a  section  of  the  chimney  of  reduced  diameter. 

Pressure  or  suction  required.  Calculation  of  pressure  and  suction  along  the  gas  path  is 
complex;  it  is  a  function  of  the  rates  of  flow,  cross-sections,  obstructions,  changes  of  direc- 
tion, lengths  of  various  sections  of  passage,  etc.  The  following  figures,  for  example,  give  data 
for  a  straight-tube  boiler  with  economiser  and  air-heater,  with  forced  and  induced  draught: 

(a)  Forced  draught.  The  aim  is  to  establish  in  the  furnace 
a  pressure  of:  30  mm    \\  in. 

to  this  must  be  added  pressure  drops  in: 

air  duct:  15  mm     \  in. 

changes  of  direction:  30  mm  l|in. 

across  air  heater  (air  side):  20  mm     f  in. 


95  mm  3^  in. 


(b)  Induced  draught.  At  the  top  of  the  furnace  there  is  required 


a  suction  of: 

pressure  drops  are: 

across  the  boiler  tubes: 
across  the  economiser: 
across  air-heater  (gas  side): 
flues: 


3  mm    J  in. 


35  mm 
8  mm 
11  mm 
9  mm 


II  in. 


in. 

i  in. 
I  in. 


66  mm  2|  in. 


For  these  two  duties  fans  will  be  installed  for  safety  with  a  20%  margin,  say  115  mm  (4j 
in.)  for  the  forced  draught  and  80  mm  (3|  in.)  for  induced  draught. 

In  South  Africa54  it  is  recommended  that,  to  obtain  flexible  operation  of  the  boiler,  a  fan 
should  be  installed  capable  of  furnishing,  in  continuous  forced  operation,  margins  ap- 
preciably greater  than  those  indicated  above: 

(a)  For  forced  draught:  an  air  output  of  115%  against  a  pressure  of  132% 

(b)  For  induced  draught:  an  air  output  of  120%  against  a  pressure  of  144% 

of  the  normal  values.  Logically,  the  draught  should  in  fact  vary  as  the  square  of  the  output 
(1.32  =  1.152;  1.44  =  1.202). 
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Power  requirements 

If  a  fan  has  to  supply  a  volume  of  gas  KmVs  (cu.ft./s)  while  maintaining  a  draught  of  d  inches 
of  water,  the  power  used  will  be: 

T=  Vd         (T=  5.2  VJj  (41.88) 

r  =  nett  power  to  be  supplied. 
The  actual  power  required  by  the  fan  will  then  be: 

T  =  ^  kgm/s  J  5.2  ft.lb./s^ 

6    =  efficiency  of  the  fan. 

This  efficiency  is  very  low,  and  varies  substantially  with  the  power  of  the  fan.  We  may 
take: 

Small  fans  0.20-0.50,  average:  0.30 
Large  fans  0.40-0.70,  average:  0.50 

It  must  not  be  forgotten  that  the  power  T  is  only  the  power  supplied  to  the  shaft  of  the 
fan.  For  the  power  supplied  to  the  fan  motor,  it  is  necessary  to  allow  for  the  efficiency  of 
the  motor,  and  also  that  of  the  belt,  where  belt  drive  is  used. 


Influence  of  gas  temperature.  It  will  be  noted  that  the  power  T  indicated  above  depends 
only  on  the  volume  V  of  gases  handled.  Consequently,  for  a  given  output  in  terms  of  weight 
of  gas,  more  power  is  required  when  the  gas  is  hot  than  when  it  is  cold. 

Practical  formula  for  power.  It  is  difficult  to  choose  or  to  know  a  priori  the  efficiency  of 
the  fan,  which  enters  into  eqn.  (41.89).  Furthermore,  a  small  variation  would  be  enough  to 
introduce  a  serious  error,  on  account  of  the  very  low  efficiencies  under  consideration. 

Shillington55  has  published  figures  more  particularly  applicable  to  induced-draught  fans 
of  the  Prat  type,  from  which  the  following  approximate  formula  for  power  may  be  derived: 

Bd  (273  +  t)         j  ~~  y       ■  »7  j  ^4]^ 
8,400  V       600  / 


T  =  power  required  at  the  fan  shaft,  in  h.p. 

B  =  quantity  of  bagasse  consumed  by  the  furnace  or  furnaces  served  by  the  fans,  in  ton- 
ne s/h 

d   =  draught  at  suction  of  fan,  in  mm  (in.)  of  water  (+  or  -) 
t    =  gas  temperature  at  suction  of  the  fan,  in  °C  (°F). 
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As  previously,  the  weight  of  bagasse  B  may  be  replaced  by  the  weight  of  steam  p  produced 
by  the  boiler,  using  the  factor/given  by  Table  41 .22  for  steam  produced  per  unit  of  bagasse. 

Example.  We  require  the  power  necessary  to  drive  a  general  fan  serving  all  the  boilers  in 
a  factory  crushing  100  t.c.h.  and  producing  280  kg  (625  lb.)  bagasse/t.c.  but  burning  only 
210  kg/t.c.  (470  Ib./t.c.) 

Draught  required:  d  =  125  mm  (5  in.)  at  suction  of  fan. 

Temperature  of  gases  entering  the  fan:  t  =  225  °C  (440°F). 

We  have: 

inn  v  ?in 

B  =       -  =  21  t/h   (100  X  470  =  47,000  lb./h) 

1,UUU 

and: 


=   157  h.p. 


which  will  require  a  motor  of  at  least  175  h.p. 

Shillington  recommends  installing  a  fan  of  ample  capacity,  since,  if  there  is  need  to  force 
the  boilers,  the  fan  efficiency  falls  very  rapidly  when  normal  output  is  exceeded,  whereas  it 
drops  only  slowly  when  output  is  decreased  below  that  corresponding  to  the  optimum  effi- 
ciency. In  other  words,  a  large  fan,  having  a  large  margin  of  capacity,  is  preferable  to  a 
smaller  one  working  at  full  capacity. 

Regulation  of  draught.  To  save  power  and  especially  to  reduce  wear  of  the  fan  blades,  it 
is  advisable  to  regulate  the  draught  by  adjusting  not  the  damper  but  the  speed  of  the  motor 
or  turbine  driving  the  fan. 

Abrasion.  Induced-draught  fans  are  subject  to  marked  wear  due  to  the  abrasion  produced 
by  solid  particles  entrained  with  the  flue  gasses.  These  fans  generally  run  at  700-800  r.p.m. 
It  is  advisable  to  use  the  lowest  speed  necessary,  since  the  wear  is  proportional  to  the  2.5 
power  of  the  rotational  speed.  Replaceable  fins  may  be  attached  to  the  fan  blades;  these  are 
of  very  hard  metal  of  high  tensile  strength  and  alloyed  with  tungsten  carbide. 

Fly  ash  removal 

The  high  draught  used  in  modern  installations  often  leads  to  a  high  proportion  of  unburnt 
solid  particles  in  the  flue  gases,  which  settle  about  the  factory  and  its  neighbourhood  and 
generally  come  under  the  control  of  legal  restrictions. 
Three  types  of  equipment  are  used  for  reduction  of  fly  ash  content  of  the  flue  gases: 

(a)  Mechanical  dust  removal.  The  equipment  manufacturers  supply  fly  ash  removers  for 
installation  in  the  flues,  the  action  being  based  on  changes  of  direction  or  centrifugal  force. 
Such  devices  are  generally  effective,  sometimes  to  an  efficiency  above  96%,  but  they  involve 
a  substantial  draught  loss  (700  —  800  Pa  or  3  in.  w.g.). 
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(b)  Electrostatic  dust  removers.  This  method  consists  of  attracting  the  solid  particles  by 
passing  them  close  to  the  surface  of  electrodes  between  which  a  potential  difference  has  been 
established.  Power  consumption  is  low,  but  the  cost  is  high  and  the  equipment  rather 
cumbersome.  Very  high  efficiencies  may  be  obtained. 

(c)  Removal  by  water.  Generally  it  is  considered  satisfactory  in  the  sugar  factory  to  pass 
the  flue  gases  into  a  large  chamber  where  their  velocity  is  reduced  and  where  they  are  sub- 
jected to  a  water  spray.  The  wetted  particles  fall  and  are  caught  at  the  bottom  in  a  stream 
of  water.  The  effect  may  be  accentuated  by  interposing  baffles  in  the  path  of  the  gases.  The 
efficiency  of  separation  may  reach  95%.  The  finer  particles  which  remain  are  carried  well 
away  by  the  wind  and  the  practical  effect  obtained  is  very  superior  to  the  theoretical  efficien- 
cy. This  system  substantially  reduces  the  flue  gas  temperature,  which  partially  compensates 
for  the  excess  power  required  by  the  fan. 

Water  requirements  may  be  reckoned  as  3  -  4  kg  of  water  per  kg  of  steam,  say  1.6-  2  kg  of 
water  per  Nm3  of  gases.  This  water  consumption  may  be  reduced  if  a  slightly  lower  efficiency  of 
operation  can  be  tolerated. 

Pneumatic  conveying  of  bagasse.  While  it  is  not  intended  to  discuss  this  matter,  it  may  be 
commented  in  passing  that,  to  transport  1  kg  of  bagasse  or  bagacillo,  approximately  2  kg 
of  air  must  be  used.  If  this  bagasse  is  to  be  burnt  at  the  delivery  of  the  conveyor  duct,  it  will 
thus  arrive  with  a  weight  of  conveying  air  equal  to  approximately  half  the  air  necessary  for 
combustion. 
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Returned  condensates 

The  sugar  factory  has  a  large  number  of  condensates  available  from  the  various  heat  ex- 
changers: multiple  effects,  juice  heaters,  vacuum  pans,  etc. 

These  condensates  are  generally  pure,  since  they  have  been  boiled  and  condensed  as  distill- 
ed water.  It  is  necessary,  however,  to  classify  them  according  to  their  origin: 

(a)  Water  derived  from  condensation  of  the  steam  coming  directly  (heat  exchangers  heated 
by  live  steam)  or  indirectly  (heat  exchangers  using  exhaust  steam)  from  the  boilers. 

(b)  Condensates  originating  from  vapour  derived  from  the  juice:  condensate  returned 
from  the  second  and  subsequent  vessels  of  the  multiple  effect,  from  juice  heaters  or  other 
heat  exchangers  heated  by  vapour  bled  from  the  multiple  effects. 

Condensates  of  the  first  type  involve  little  risk  of  being  contaminated.  Since  they  originate 
from  steam  under  pressure,  even  if  a  tube  develops  a  leak  in  the  first  effect,  for  example, 
it  will  be  steam  that  will  leak  into  the  juice,  rather  than  the  opposite.  The  greatest  risk 
originates  in  the  juice  heaters,  where  the  possibility  of  a  split  tube  may  admit  juice  under 
pressure  into  the  steam  space. 

Condensates  of  the  second  type  are  more  dangerous.  They  involve  first  the  same  risk  of 
direct  contamination  by  juice,  aggravated  by  the  fact  that  the  juice  vapours  are  most  often 
under  vacuum  and  consequently  more  subject  to  entry  of  juice  under  pressure  through  leaks. 
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However,  the  main  risk  is  that  these  condensates  may  contain  sugar  originating  from  entrain- 
ment  in  the  evaporators.  Even  if  this  is  present  only  in  imperceptible  traces,  these  traces  will 
be  returned  to  the  boilers  and  will  end  up  by  accumulating  on  the  boiler  tubes  a  harmful  and 
dangerous  carbonaceous  deposit. 
It  is  important  then  to  separate  the  returned  condensates  carefully: 

(a)  From  direct  or  exhaust  steam 

(b)  From  vapour  derived  from  juice. 

Utilisation  of  condensates.  Condensates  of  the  first  group  only  should  be  sent  to  the  feed- 
water  tank. 

Those  of  the  second  group  may  be  utilised  for  imbibition,  washing  of  filter  cakes,  dilution 
of  molasses,  etc.  If  there  is  an  excess  of  them,  it  is  preferable  to  discard  the  excess  rather 
than  send  it  to  the  boilers. 

Make-up  water 

The  steam  in  the  sugar  factory  describes  a  closed  circuit:  evaporated  in  the  boilers,  condensed 
in  calandrias,  it  returns  to  the  boilers  by  way  of  the  feed- water  tank. 

It  would  therefore  be  possible  to  use  the  steam  in  this  closed  cycle,  without  addition  of 
water,  if  it  were  not  for  the  following  losses,  which  must  be  compensated: 

(a)  Steam  lost  to  atmosphere: 

Leakages  at  joints  and  stuffing-boxes 
Operation  of  safety  valves 
Operation  of  soot  blowers 

Engines  exhausting  to  atmosphere:  steam  derrick,  etc. 
Steaming  out  of  filter  presses 
Cleaning  of  mills  and  cush-cush  plant  with  steam 
Steam  used  at  centrifugals. 

(b)  Water  lost  to  the  drain: 

Washing  out  of  piping 
Blowing  down  of  boilers. 

(c)  Steam  partially  lost  in  the  molasses: 

Washing  out  of  pans 
Dilution  of  molasses. 

The  total  of  these  losses  of  steam  or  condensates  represents,  according  to  circumstances, 
from  10  to  20%  of  the  steam  produced  at  the  boilers. 
In  order  to  replace  this  quantity,  it  is  necessary  to  return  to  the  feed-water  tank  either: 

(a)  Cold  water,  or 

(b)  Part  of  the  condensates  of  the  second  group  above. 

These  condensates  in  effect  originate  from  the  juice,  that  is  they  enter  into  the  factory  with 
the  cane.  They  thus  consist  of  water  from  an  outside  source. 
However,  on  account  of  the  risks  involved,  their  use  is  reduced  to  a  minimum,  and  they 
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are  taken  from  the  point  which  presents  least  danger;  that  is  the  second  vessel,  the  conden- 
sates from  which  present  the  minimum  risk  of  containing  sugar  due  to  entrainment. 

In  order  to  keep  the  contribution  of  condensate  from  the  second  effect  to  the  minimum 
strictly  necessary,  this  condensate  should  be  discharged  into  a  tank  alongside  the  feed-water 
tank  and  arranged  so  as  to  deliver  into  the  latter  only  by  a  float-operated  valve  which  opens 
when  the  level  in  the  feed  tank  has  dropped  below  a  certain  limit. 

The  addition  of  second-effect  condensate  should  normally  be  sufficient  to  supply  the 
make-up  necessary. 

Sundry  precautions.  To  guard  against  entrainment  of  water  in  the  steam,  Fives 
Cail  -  Babcock  boilers  are  equipped  with  cyclone  separators  in  the  steam  which  ensure  the 
production  of  steam  of  high  dryness  fraction. 

To  allow  for  variations  in  the  steam  load  of  the  factory,  the  regulation  of  the  level  in  the 
feed  water  tank  integrates  the  three  factors:  level  of  water  in  the  supply  tank,  output  of 
steam,  and  output  of  water. 

The  boiler  may  be  furnished  with  a  salinometer  indicating  any  abnormal  salt  content  in 
the  boiler  water;  this  figure  should  not  exceed  1800  -  2200  mg/1,  according  to  pressure. 

The  silica  content  of  feed  water  should  not  exceed  75  p. p.m.  for  a  pressure  of  20  bar  (290 
p.s.i.g.),  40  p. p.m.  for  35  bar,  30  p.p.m.  for  45  bar  or  20  p.p.m.  for  50  bar. 

De-aeration.  For  boilers  at  high  pressure  (above  35  kg/cm2;  500  p.s.i.),  the  feed  water 
should  be  treated  to  remove  dissolved  gases,  especially  carbon  dioxide  and  oxygen,  which 
would  attack  the  tubes  at  the  high  temperatures  involved. 

For  this  purpose,  the  water  is  passed  into  a  de-aerator  where  it  is  atomised  in  steam  under 
low  pressure  (0.3  kg/cm2)  or  at  a  pressure  rarely  above  atmospheric,  where  the  injected  steam 
is  raised  to  1.4  kg/cm2.  It  is  then  treated  with  a  suitable  reagent  such  as  sodium  sulphite  ac- 
tivated to  work  more  rapidly,  or  hydrozine  aluminium  sulphate  or  other  suitable  reagents. 

The  de-gasser  serves  at  the  same  time  as  storage  for  de-aerated  water.  The  steam  occupying 
the  free  space  in  the  tank  prevents  possible  re-absorption  of  gases. 

De-mineralisation.  Unless  the  available  make-up  water  is  exceptionally  pure,  high-pressure 
boilers  also  require  demineralisation  of  the  feed  water,  i.e.  salts  of  calcium,  sodium, 
magnesium,  etc.,  must  be  removed.  This  operation  is  carried  out  before  the  de-aerator  in  a 
double  ion-exchanger,  one  for  cations,  the  other  for  anions.  It  may  also  be  effected  more 
simply  with  sulphuric  acid  and  soda. 

Capacity  of  feed-water  tank 

To  avoid  the  necessity  of  supplementing  it  with  cold  water,  it  is  necessary  to  allow  in  the  feed- 
water  tank  a  reserve  capacity  of  water  sufficient  to  cope  with  the  sudden  demands  of  the  boil- 
ing house. 

Tromp56  estimates  that  the  fluctuations  in  instantaneous  steam  consumption  in  a  sugar 
factory  amount  to  25%  above  and  below  the  mean.  These  fluctuations  generally  do  not  last 
for  more  than  one  hour  and,  if  the  peak  represents  +  25%  on  normal  consumption,  the 
mean  increase  or  decrease  in  consumption  during  the  hour  in  which  it  occurs  represents  only 
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+  15%  of  the  average  consumption  for  the  day  or  for  the  week.  Assuming  a  high  consump- 
tion of  650  kg  steam/t.c,  we  see  then  that  the  difference  between  maximum  consumption 
and  minimum  return  of  condensates  represents  approximately: 

650  (1.15  -  0.85)  =  200  kg  water/t.c. 

However,  the  time  elapsing  between  the  steam  leaving  the  boiler  and  the  return  of  the  cor- 
responding condensate  to  the  feed  tank  represents  only  j-—  \  h. 

It  will  be  seen  then  that  it  will  be  amply  sufficient  to  provide  a  feed  tank  of  capacity  equal 
to  100  kg/t.c.h.  (225  Ib./t.c.h.),  in  order  to  cope  with  fluctuations  in  steam  consumption 
without  having  recourse  to  an  avoidable  addition  of  cold  water: 

c  =  100  A       (22,4)  (41.91) 

c    -  capacity  of  the  feed-water  tank,  in  litres  (Imp.  gallons) 
A  -  crushing  rate  of  the  factory,  in  t.c.h. 

A  factory  of  100  t.c.h.  should  therefore  have  a  feed  tank  of  10  m3  (2,200  gallons)  capacity. 

We  may  comment  in  passing  that  this  reserve  capacity  does  not  depend  on  the  steam 
economy  of  the  factory:  it  should  be  as  large  for  a  factory  using  450  kg  (1,000  lb.)  steam/t.c. 
as  for  one  using  650  kg/t.c.  (1,450  lb./t.c),  since  the  variations  in  consumption,  due 
predominantly  to  the  pans,  are  the  same  in  the  two  factories  if  they  are  expressed  in  weight 
of  steam  per  tonne  of  cane. 

It  is  of  advantage  to  provide  the  feed  tank  with  two  float-operated  valves:  the  first  controll- 
ing the  addition  of  water  from  the  second  vessel,  the  second  the  addition  of  cold  water.  It 
will  then  be  necessary  to  allow  a  sufficient  margin  between  the  different  levels,  say  approx- 
imately 1/3  of  the  height  of  the  tank: 

(a)  Between  the  overflow  level  and  the  opening  of  the  float-operated  valve  controlling  con- 
densate from  the  second  vessel 

(b)  Between  the  opening  of  this  condensate  valve  and  the  point  of  opening  of  the  float- 
operated  valve  for  cold  water 

(c)  Between  the  opening  of  the  cold-water  valve  and  the  bottom  of  the  tank. 

Feed-water  pumps 

The  law  requires  that  there  should  be  at  least  two  feed-water  pumps.  Generally  the  pump  in 
normal  usage  is  turbine  driven  and  the  stand-by  pump  is  motor  driven. 

At  the  delivery  side  of  the  pump,  the  stop  valve  should  be  supplemented  by  a  non-return 
valve  the  purpose  of  which  is  to  avoid  the  risk,  when  the  pump  is  stopped,  of  the  water  runn- 
ing back  from  the  boiler  towards  the  feed  tank  if  the  delivery  valve  does  not  close  properly. 

The  feed  pump  should  be  capable  of  an  output  of  at  least  25%  greater  than  the  require- 
ment in  continuous  forced  operation  of  the  boilers  which  it  supplies,  made  up  as  follows: 

10%  for  emergency  making  up  of  water  level 
10%  to  allow  for  an  exceptional  load  for  one  hour 
5%  to  compensate  for  blowing  down 
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It  should  be  albe  to  operate  at  a  pressure  at  least  25%  higher  than  the  certified  pressure 
of  the  boilers;  we  shall  calculate  this  in  detail.  This  pressure  comprises: 


(a)  Certified  pressure,  for  example: 

30 

kg/cm2 

425 

p.s.i. 

(b)  An  excess  pressure  to  free  the  safety  valve  and  which 

may  be  taken  as  about  3%  of  working  pressure: 

1 

kg/cm2 

15 

p.s.i. 

(c)  Head  losses  in  the  piping,  to  be  calculated  as  in 

Chap.  45,  for  example: 

1 

kg/cm2 

15 

p.s.i. 

(d)  Gravity  head  corresponding  to  height  of  the  boiler 

above  the  pump,  say  10- 12  m  (30-40  ft.): 

1.2 

kg/cm2 

15 

p.s.i. 

(e)  H£ad  loss  in  the  economiser  to  be  calculated,  say: 

1 

kg/cm2 

15 

p.s.i. 

(f)  Head  loss  in  the  regulated  valve,  of  the  order  of: 

2 

kg/cm2 

25 

p.s.i. 

(g)A  safety  margin  which  is  taken  as  about  5%  of  the 

total  preceding: 

1.9 

kg/cm2 

30 

p.s.i. 

38.1 

kg/cm2 

540 

p.s.i. 

On  account  of  the  temperature  (90-95°C;  195  -205°F)  of  the  feed  water,  it  is  desirable 
that  the  feed- water  tank  should  be  situated  at  least  1-2  m  3-6  ft.  above  the  pump, 
preferably  2.5  m  (8  ft.)  (see  Chap.  44). 


Feed-water  pipes.  The  diameter  of  pipes  should  be  chosen  so  as  to  obtain  the  following 
velocities: 

(a)  Suction  pipe,  from  tank  to  pump:      1  m/s  (  3  ft./s) 

(b)  Delivery  pipe,  from  pump  to  boiler:   3  m/s  (10  ft.s). 

However,  a  velocity  of  4.5  m/s  (15  ft./s)  is  now  used  in  modern  high  pressure  boilers". 
Influence  of  water  temperature  on  fuel  consumption 

The  last  column  of  Table  41.21  shows  that  an  increase  of  6°C  (11°F)  in  the  feed-water 
temperature  corresponds  approximately  to  a  saving  in  fuel  of  1%. 

There  is  another  advantage  in  maintaining  the  feed  water  at  a  high  temperature:  the  water 
dissolves  correspondingly  less  oxygen  when  it  is  hotter.  Thus  the  risk  of  corrosion  is  reduced. 

Reaction  of  feed  water 

The  corrosive  properties  of  feed  water  depend  on  its  pH.  It  is  at  a  minimum,  not  for  a  pH 
of  7,  but  for  a  slightly  alkaline  value. 

A  certain  alkalinity  is  maintained  in  the  feed  water  to  prevent  possible  corrosion,  and  this 
is  done  by  introducing  hydroxyl  (OH)  ions  into  the  feed  water. 

When  a  pH  of  9  is  reached,  a  protective  film  of  ferrous  hydrate  is  formed  on  the  metal. 
On  the  basis  of  this  fact,  Brola58  recommends  that  a  pH  of  9.5  be  maintained. 

An  English  recommendation59  is  pH  8.3  as  the  lower  limit,  and  it  is  stated  that  it  is  mainly 
in  the  economiser  that  corrosion  is  manifest. 

Leggett60,  in  India,  recommends  that  a  pH  of  7.6  be  maintained  in  the  feed  tank,  which 
corresponds  to  8.6-9.0  in  the  boilers. 
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Gregory61,  in  Cuba,  recommends  a  pH  of  10.5 —  11. 

The  present  author  would  recommend  maintaining  a  pH  of  8.5  in  the  feed  tank.  For  the 
water  in  the  boiler,  the  minimal  pH,  measured  at  25°C,  should  be  11.0. 

Alkalising  agents.  In  order  to  introduce  hydroxyl  ions  into  the  feed  tank,  we  may  employ: 
Caustic  soda,  NaOH 
Sodium  carbonate,  Na2C03 
trisodium  phosphate. 

Neumann62,  in  Java,  recommends  trisodium  phosphate,  which  offers  certain  advantages 
over  the  others;  but  it  is  not  suitable  for  high  pH  values,  which  would  require  excessive  quan- 
tities. The  boiler  water  should  have  a  ratio  Na2P04/NaOH  >  1. 


STEAM  ACCUMULATORS 

The  continual  variations  in  momentary  steam  consumption,  and  the  consequent  fluctuations 
in  steam  pressure,  have  led  certain  factories  to  install  accumulators.  These  are  vessels  serving 
to  regulate  the  output  of  steam.  Contrary  to  the  impression  which  the  name  would  give,  it 
is  not  actually  steam  which  they  store,  but  water;  but  it  is  indeed  steam  which  they  deliver. 

Principle 

A  steam  accumulator  is  a  pressure  vessel,  a  large  cylindrical  drum  resembling  a  boiler  drum, 
filled  with  water,  and  communicating  on  one  side  with  the  boilers,  on  the  other  side  with  the 
low  pressure  or  exhaust  steam  piping.  The  connections  are  made  by  means  of  valves  and 
regulators  located  in  such  a  way  as  to  permit  circulation  of  steam  only  in  the  sense  which 
we  shall  describe. 
Let: 

P  =  normal  boiler  pressure 

P'  =  pressure  slightly  lower  than  P,  to  which  it  is  arranged  that  steam  may  drop  in  the 
boilers 

p    =  normal  pressure  at  which  steam  is  used  for  manufacture;  this  is  generally  the  exhaust 

steam  pressure 
p '  =  pressure  slightly  higher  than  p 
/?"=  pressure  slightly  lower  than  p. 

The  regulators  and  valves  are  arranged  so  that: 

(a)  When  the  h.p.  steam  is  at  a  pressure  between  P  and P',  the  accumulator  allows  steam 
to  enter  from  the  boilers,  but  does  not  deliver  any  steam.  It  thus  becomes  charged. 

(b)  When  the  pressure  falls  below  P',  the  connection  with  the  boilers  is  closed. 

(c)  When  the  exhaust  steam  pressure  falls  below  p",  the  accumulator  delivers  steam  to  the 
low-pressure  line,  and  thus  discharges. 

(d)  When  the  pressure  in  the  exhaust  system  rises  above  p ',  the  connection  between  it  and 
the  accumulator  is  closed. 

The  two  pressures/? '  and  p  "are  chosen  relative  to  pin  such  a  way  as  to  avoid  too  frequent 
opening  and  closing  of  the  valves  and  to  provide  a  margin  of  stable  operation. 
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The  principle  of  the  accumulator  is  simple.  It  stores  water  at  the  temperature  of  saturated 
steam  corresponding  to  the  boiler  pressure.  If  the  boilers  produce  superheated  steam,  it  will 
become  saturated  when  it  is  forced  into  the  water  in  the  accumulator.  In  order  to  obtain  an 
effective  and  silent  mixing  of  the  steam  with  the  water,  the  steam  is  introduced  into  the  vessel 
by  conical  or  bell-shaped  nozzles.  When  a  drop  in  pressure  occurs  in  the  accumulator,  a  por- 
tion of  the  water  evaporates  practically  instantaneously:  it  is  the  sensible  heat  of  the  whole 
mass  of  stored  water  which  is  transformed  into  latent  heat  and  so  furnishes  the  heat  of 
vaporisation  of  the  portion  evaporated. 

The  accumulator  should  obviously  be  very  carefully  insulated. 

Calculations  for  a  steam  accumulator 

Let: 

P  =  normal  boiler  pressure 

P'  =  pressure  slightly  lower  than  P  to  which  the  boiler  pressure  is  allowed  to  drop 
p   =  back  pressure,  or  exhaust  pressure  (in  the  calculation,  we  shall  assume  for 

simplification:  p  =  p'   =  p") 
R'  =  latent  heat  of  steam  at  pressure  P' 
r    =  latent  heat  of  steam  at  pressure  p 
T  =  temperature  of  saturated  vapour  at  pressure  P' 
t    =  temperature  of  saturated  vapour  at  pressure  p 
x   =  any  temperature  between  T'  and  t 

q  =  the  quantity  of  steam  furnished  by  one  kg  (lb.)  of  water,  when  its  temperature  drops 
from  T'  to  t 

Q  =  the  quantity  of  steam  furnished  by  the  accumulator,  when  its  temperature  drops 
from  T'  to  t 

V  =  the  volume  of  water  contained  by  the  accumulator 

V  =  gross  total  interior  volume  of  the  accumulator. 

When  the  accumulator  delivers  steam,  and  when  the  temperature  of  the  water  which  it  con- 
tains drops  from  x  to  (x  -  dx),  each  pound  of  water  will  supply  a  quantity  of  steam  such 
that: 

(607-0.7*)  =  -  1.013  dx         (dq  [1,093  -  0.7  (x  -  32)]  =  -  1.013.d*) 


whence: 


a         -  1-013    A  '  A  1.013  .J 

dQ  =   T^z^x  \dg  =  -  ^r^- -iTT-- dx\ 


607  -  0.7x  \  H  1,115  -  0.7a: 

For  a  temperature  drop  from  T'  to  t,  each  kg  (lb.)  of  water  will  give  (metric  units): 

q  =  -  1.013    f'   ~          =  ^^fln  (607  -  O.lx]' 

Jr    607  -  0.7*         0.7  *T 


or: 
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q  =  1.45  In  -J^L_2l^_  =  3.33  iog  L_  (41.92) 
607  -  0.77'  R' 

However,  during  this  time  the  accumulator  has  delivered  Qkg(lb.)  of  water,  and  the  total 
quantity  of  steam  which  it  can  furnish  at  the  moment  it  passes  through  temperature  x  has 
a  value: 

dQ  =  K(l  -  q)  dq 

whence: 

Q  =  V    f  (1  -  q)  dq  =  V  { q  -  ^) 

or: 

Q  =   Vq   '  1  -  t\  (41-93) 
V        ^  / 

Numerical  example.  In  a  factory  of  100  t.c.h.,  the  steam  consumption  of  which  is  500  kg 
(1,120  lb.)  per  tonne  cane,  it  is  desired  to  allow  for  periods  of  half  an  hour  during  which 
steam  consumption  exceeds  the  mean  consumption  by  20%  =  100  kg/t.c.  (224  lb./t.c). 

We  assume  that  the  boilers  are  sufficient  to  supply  the  required  steam  for  the  remainder 
of  the  time,  without  fall  in  pressure. 

Other  conditions  are  as  follows: 

P'  =  25  kg/cm2  (350  p.s.i.) 
P  =  28  kg/cm2  (400  p.s.i.)  T  =  225°C  (435°F) 

R  '=  439  kcal/kg  (791  B.T.U./lb.) 

p  =  1  kg/cm2  (15  p.s.i.) 

t    =  120°C  (250°F) 

r  =  526  kcal/kg  (945  B.T.U./lb.) 

Solution.  The  mean  steam  consumption  amounts  to: 

100  x  500  =  50,000  kg/h  (112,000  lb./h) 

and  the  excess  expected  during  the  half-hour  of  peak  demand  to: 

100  x  100  x  i  -  5,000  kg  (11,200  lb.) 

The  quantity  of  steam  which  each  kg  (lb.)  of  water  stored  in  the  accumulator  can  furnish 
in  dropping  from  T'  to  t  will  be: 
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q  =  3.33  log        =  0.2615 
We  require  then  an  accumulator  the  contents  of  which,  V,  will  be  given  by: 
5,000  =  V  x  0.2615  f  1  -  ~-5  )  =  0.227  V 

whence: 

«  000 

V  =     —  =  22,000  kg         (50,000  lb.)  water 

At  225 °C,  the  specific  volume  of  water  is  1.1991  1/kg,  hence: 

V  =  22,000  X  1.1991  =  26,380  1        (960  cu.ft.) 

The  water  contained  by  the  accumulator  represents  only  about  80%  of  its  total  volume, 
on  account  of  the  necessity  of  allowing  a  margin  to  avoid  entrainment  due  to  possible  prim- 
ing. The  total  volume  of  the  vessel  will  then  be: 

?/>  isn 

V    =  =  33,000  1         (1,200  cu.ft.) 

0.8 

say  a  cylinder  of  approximately  2  m  (7  ft.)  in  diameter  and  10.5  m  (31  ft.)  in  length  designed 
for  a  pressure  of  28  kg/cm2  (400  p.s.i.). 
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In  a  well-balanced  sugar  factory,  the  quantity  of  steam  necessary  for  manufacture  is  much 
greater  than  that  required  for  production  of  power.  Since  all  the  steam  is  generally  produced 
at  high  pressure,  there  is  then  normally  a  large  excess  of  high-pressure  steam  to  be  passed 
into  the  low-pressure  system. 

This  operation  is  effected  by  means  of  pressure  regulators,  which  are  actuated  by  the  low- 
pressure-steam  system:  as  soon  as  the  pressure,  which  is  generally  the  exhaust  or  back 
pressure,  falls  below  a  fixed  value,  the  regulator  opens  and  admits  steam  (Fig.  41.28). 

These  regulators  generally  consist  of  a  diaphragm,  the  underside  of  which  is  subjected  to 
the  pressure  to  be  regulated.  The  pressure  exerted  by  the  steam  on  this  diaphragm  is  balanced 
by  an  adjustable  counterweight.  When  this  counterweight  overcomes  the  steam  pressure,  the 
lever  descends  under  the  action  of  the  weight  and  thus  actuates  a  needle  valve.  This  admits 
water  under  pressure  to  an  actuating  piston,  which  controls  the  opening  of  the  valve  admit- 
ting high-pressure  steam. 
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Fig.  41.28.  Steam-pressure  reducer. 


In  order  that  this  valve  shall  work  at  a  normal  opening,  it  is  essential  that  it  should  be  of 
a  diameter  not  only  much  smaller  than  that  of  the  downstream  pipe  for  the  expanded  vapour 
but  also  much  smaller  than  that  of  the  upstream  high-pressure-steam  line.  Otherwise  it  would 
operate  in  an  almost  closed  position,  and  would  rapidly  wear  both  the  valve  and  the  seat. 
Reducing  valves  are  manufactured  by  SEREG-Schlumberger  in  France,  and  Maisoneilan, 
Fischer  and  Porter,  and  Honeywell  in  the  U.S.A. 

Temperature  of  the  reduced  steam 

The  final  state  of  the  reduced  steam  is  given  by  the  Mollier  diagram  (Fig.  41.5).  The  horizon- 
tal lines  in  this  diagram  correspond  to  changes  without  external  work,  at  constant  total  heat, 
and  this  is  the  case  with  pressure  regulators  of  reducing  valve  type. 

If,  for  example,  superheated  steam  at  25  kg/cm2  (350  p.s.i.g.)  and  370°C  (700°F)  is  to  be 
reduced  to  1  kg/cm2  (15  p.s.i.g.),  the  point  is  taken  on  the  diagram  corresponding  to  26 
kg/cm2  (364.7  p.s.i.a.)  and  370°C  (700°F),  and  the  horizontal  line  through  this  point  will 
be  followed  to  the  isobar  2  kg/cm2  (29.7  p.s.i.a.).  The  isotherm  through  this  point  is  355°C 
(670°F),  the  temperature  sought  for  the  expanded  vapour. 


DE-SUPERHEATING 

The  high-pressure  steam  is  superheated  in  all  electrified  factories  possessing  one  or  more 
turbo-alternator  sets. 

We  have  just  seen  that  expansion  through  a  valve  reduces  the  steam  temperature  only 
slightly,  since  the  isothermal  lines  on  the  Mollier  diagram  are  almost  horizontal.  The  reduced 
steam  is  therefore  superheated. 
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If  the  quantity  of  make-up  steam  necessary  for  manufacture  is  relatively  small,  this 
superheat  will  have  no  great  disadvantage:  it  will  serve  mainly  to  reduce  the  moisture  content 
of  the  exhaust  steam,  or  to  give  it  a  slight  superheat.  We  have  already  seen  (p.  495)  that  this 
superheat  presents  no  great  disadvantage,  and  would  even  be  advantageous,  provided  it  does 
not  exceed  10  -  30°C (50 -  90°F). 

However,  the  make-up  is  generally  much  too  great  for  the  superheat  to  remain  as  low  as 
this,  and  it  4s  thus  necessary  to  de-superheat  the  reduced  steam.  Hence  the  necessity,  in  this 
case,  to  follow  the  pressure  regulator  by  a  de-superheater  (Fig.  41.29). 


1!  i 

Fig.  41.29.  Steam  desuperheater. 


Calculations  for  de-superheater 

Suppose  it  is  required  to  de-superheat  the  steam  furnished  by  the  regulator  above,  leaving 
only  50° C  of  superheat. 

At  the  entry  to  the  de-superheater,  the  steam  at  1  kg/cm2  and  355 °C  contains  760  kcal/kg 
according  to  the  diagram  or  the  table  (1  kg/cm2  gauge  =  2  kg/cm2  abs.). 

At  this  pressure,  the  temperature  of  saturated  steam  is  approximately  120°C.  If  we  wish 
to  leave  50°C  of  superheat,  it  will  then  be  necessary  to  reduce  the  steam  to  170°C. 

The  diagram  shows  that  vapour  at  2  kg/cm2  abs.  and  170°C  contains  671  kcal/kg. 

Per  kg  of  vapour  passing  through  the  de-superheater,  it  is  then  necessary  to  remove: 

760  -  671  =  89  kcal/kg         (157  B.T.U./lb.) 

For  this  purpose,  we  introduce  into  the  de-superheater  water  from  the  boiler,  which  is  at 
25  kg/ cm2  and  225°C,  and  possesses  a  latent  heat  of  vaporisation:  r  -  439  kcal/kg.  As  it 
flashes  into  vapour  at  the  reduced  pressure,  it  will  absorb  heat. 

It  will  be  necessary  then  to  introduce: 


1006 


STEAM  PRODUCTION  AND  USAGE 


Ol.  41 


-A--n  =  0.203  kg  water 

per  kg  of  steam  (0.203  lb. /lb.)  to  be  de-superheated. 
If  the  quantity  of  vapour  expanded  per  hour  is  10,000  kg,  this  will  require: 

10,000  x  0.2  =  2,000  kg  water/h 

and  we  shall  have  12,030  kg/h  steam  which  is  partially  de-superheated. 

The  de-superheating  water  is  finely  atomised  in  the  de-superheater,  the  successive  opening 
of  the  several  atomisers  in  the  battery  being  actuated  by  a  long  thermostat  element  immersed 
in  the  outlet  pipe  carrying  the  de-superheated  steam. 


TYPES  OF  BOILER 

Twenty  years  ago,  there  would  still  be  found,  in  older  sugar  factories,  two  old  types  of  steam 
boiler: 

(a)  The  "elephant"  fire-tube  boiler  (Fig.  41.30) 

(b)  The  semi-tubular  or  multi-tubular  boiler  (Fig.  41.31). 
These  have  no  more  than  a  historical  interest. 

Modern  boilers  are  all  of  water-tube  type  and  are  divided  into  two  principal  types: 

(a)  Boilers  with  straight  tubes,  set  at  a  slight  slope  with  headers  or  collectors  (Fig.  41.26). 

(b)  Boilers  with  bent  tubes,  vertical  or  at  high  slope,  fixed  to  the  boiler  drums  (Figs.  41.15 
or  41.16);  these  boilers  are  sometimes  fitted  with  water-wall  furnaces. 

A,  Straight-tube  boilers.  These  may  have  the  tubes  in  square  arrangement  (i.e.  in  horizon- 
tal and  vertical  rows)  or  in  staggered  formation,  the  latter  arrangement  giving  a  better  mixing 
of  the  combustion  gases,  better  utilisation  of  the  heating  surface  of  the  tubes>  and  less  deposit 


Fig.  41.30.  "Elephant"  boiler  with  fire-tubes. 
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of  soot  on  the  front  and  back  faces  of  the  tubes.  Replacement  of  tubes  is  easy,  but  requires 
that  space  should  be  available  in  front  of  the  boiler  for  a  distance  equal  to  the  length  of  the 
tubes;  this  is  not  always  easy,  on  account  of  the  bagasse  conveyor  and  distributor. 

B.  Boilers  with  bent  tubes.  This  type  promotes  more  rapid  circulation  of  the  water,  on  ac- 
count of  the  steeper  inclination  of  the  tubes.  Replacement  of  the  tubes  is  more  difficult;  to 
insert  a  tube  of  the  back  row,  it  will  be  necessary  either  that  the  pitch  of  the  tubes  is  ap- 
preciably greater  than  twice  their  diameter,  or  that  they  should  be  arranged  with  a  spacing 
alternately  wide  and  narrow. 

Calculation  of  heating  surfaces  of  the  tube  assemblies  is  made  in  the  same  way  as  indicated 
for  superheaters  (cf.  p.  961),  the  heat  being  transmitted  being  that  necessary  to  raise  the  sensi- 
ble heat  of  the  water  from  the  temperature  at  the  economiser  outlet  to  the  saturation 
temperature,  and  to  vaporise  this  water  at  that  temperature  to  the  dryness  fraction  required 
for  entry  to  the  superheater. 

The  heat  transfer  coefficients  of  the  two  types  of  boiler  do  not  differ  greatly.  They  range 
between  30  and  50  kcaI/mVh/°C  (6-  10  B.T.U./sq.ft./h/°F). 

Tubes 

Boiler  tubes  are  made  in  diameters  of  2,  2\,  2j,  21,  3,  3  J,  3 \,  31  and  4  in.,  mainly  of  2\  and 
3  in.  Bent  tubes  are  often  made  in  diameters  smaller  than  those  for  straight  tubes.  The 
diameter  has  some  importance,  as  it  is  possible  to  locate  in  the  same  general  layout  of  boiler, 
and  in  the  same  space,  a  greater  heating  surface  with  small  tubes  than  with  large  tubes.  Fives 
Cail  -  Babcock,  for  example,  make  models  BR1  and  BR3  with  tubes  of  2.\  in.  exterior 
diameter.  However,  if  they  are  specifying  a  boiler  without  economiser,  they  propose  2-in. 
tubes.  This  permits  of  placing  in  the  same  available  space  a  tube  assembly  with  about  20% 
greater  heating  surface,  which  reduces  the  flue  gas  temperature  by  about  20°  C  and  permits 
of  better  results  from  the  boiler  without  economiser. 
Tubes  are  generally  made  of  A3 7  steel. 

Series  of  boiler  sizes 

The  following  example  gives  a  series  of  boilers  supplied  by  one  organisation. 

Fives  Cail  -  Babcock  boilers  are  normally  made,  for  use  with  bagasse,  up  to  50  bar.  There 
are  4  types: 
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BC1  with  horseshoe  furnace  (Fig.  41.20) 

BR1  and  BR2B  with  spreader-stokers  and  rocker-type  grate  (Fig.  41.15) 
BR3  with  spreader-stoker  and  travelling  grate  (Fig.  41.32) 
BR22  and  22D  with  spreader-stoker  and  rocking  grate. 

In  the  model  number  the  first  number,  n,  indicates  the  number  of  screen  tubes,  seen  from 
the  front;  the  second  the  number  of  boiler  tubes  proper,  also  viewed  from  the  front. 

The  lengths  and  widths  refer  to  the  boiler  itself  without  economiser  or  other  accessory 
equipment.  Heights  are  measured  from  the  floor  of  the  boiler  room.  These  boilers  all  have 
the  same  longitudinal  section.  They  consist  of  rows  of  tubes  side  by  side.  Each  row  occupies 
18.5  cm  (7.28  in.),  and  it  follows  that  the  overall  width  L  of  the  boiler  is: 

L  =  0.185/?  +  1.25  m       (L  =  7.28n  +  50  in.) 

For  the  BC1  type,  the  capacity  may  be  estimated  as  close  to  one  tonne  of  steam  per  row. 

Q~n 

Q  =  evaporation  capacity  of  the  boiler,  in  t/h  of  steam 
n    =  number  of  screen  tubes  as  seen  from  the  front. 


Fig.  41.32.  Boiler  with  spreader-stoker  and  travelling  grate  (Fives  Cail-Babcock  type  BR3). 
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For  the  BR1  type  Q  =  1.25 n,  and  the  BR3B  type,  about  1.36/j. 
For  the  BR3  type,  Q  =  1.65  -  L90«. 

Table  41.28  gives  an  extract  from  the  manufacturer's  table  and  includes  nearly  all  the 
values  of  n,  from  15  to  73. 

TABLE  41.28 
SPREADER-STOKER  BOILERS  (FIVES  Cail  -  Babcock) 


Model  Width  (m)  Steam  production  (t/h) 

BR  I         BR2         BR3        BR22  BR22D 


15/25 

4.04 

18 

20/32 

4.96 

26 

23/37 

5.52 

29 

26/42 

6.07 

44 

27/43 

6.27 

34 

30/48 

6.81 

50 

31/50 

7.00 

39 

48 

33/53 

7.37 

50 

55 

36/54 

7.92 

89 

34/55 

7.55 

42 

36/58 

7.92 

55 

60 

39/62 

8.48 

60 

66 

40/60 

8.67 

98 

43/68 

9.22 

65 

71 

44/66 

9.40 

108 

46/73 

9.77 

70 

81 

49/73 

10.33 

122 

49/78 

10.33 

75 

91 

52/83 

10.88 

88 

53/84 

11.07 

80 

100 

58/92 

11.99 

96 

59/88 

12.18 

137 

64/101 

13.10 

107 

71/112 

14.40 

120 

Special 

100 

5=  160  ^160 

Length  (m) 

7.00 

7.70 

8.06 

8.00  10.10 

Height  (m) 

10.40 

11.25 

11.80 

12.40  14.00 

CONSTRUCTION  OF  BOILERS 

Joints  in  boiler  drums 

Tromp63  rightly  draws  attention  to  the  comparison  to  be  made  between  the  longitudinal  and 
transverse  stresses  involved  in  the  plates  and  joints  of  boiler  drums  under  pressure. 

(a)  Circumferential  joints.  Consider  a  vertical  section  of  the  drum  (Fig.  41.33).  The  section 
is  subject  to  a  bursting  force  of: 

F.  =  irR2p 

F  =  bursting  force,  in  kg  (lb.) 
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R  =  radius  of  cylinder,  in  cm  (in.) 

p    =  pressure  inside  the  drum,  in  kg/ cm2  (p.s.i.) 

This  force  acts  on  an  area  S  of  the  metal  concerned  and  the  stress  in  the  latter  is: 


IF 

f  =  — 


2irR2p  =  Rp 
2irRe  e 


(41.94) 


e    =  thickness  of  the  metal,  in  cm  (in.) 


Fig.  41.33.  Circumferential  joints. 

(b)  Longitudinal  joints.  Imagine  the  drum  cut  by  an  axial  plane  (Fig.  41.34)  The  section 
is  then  subjected  to  a  force: 

Ff  =  2RLp 

F.  =  force  acting  on  a  longitudinal  section,  in  kg  (lb.) 
L   =  length  of  the  cylinder,  in  mm  (in.) 
The  longitudinal  stress  is  then: 


.      2/^  4RLp  =  2Rp 


(41.95) 


neglecting  the  additional  strength  due  to  the  tube  plates  (or  the  ends),  which  is  negligible  in 
the  median  portion  of  the  cylinder. 


Fig.  41.34.  Longitudinal  joints. 
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Conclusion.  We  see  then  that  the  stress  acting  on  the  longitudinal  joints  is  double  that  on 
the  transverse  joints: 

/,  =  2fc  (41.96) 

The  boiler  plates  should  thus  be  calculated  as  a  function  of  fr  In  the  period  when  joints 
were  riveted,  this  was  the  reason  why  longitudinal  joints  had  a  double  row  of  rivets  whereas 
the  circumferential  joints  had  a  single  row. 

Calculation  of  plate  thickness  for  steam  drums 

Following  on  the  preceding  calculations,  the  thickness  of  plate  to  be  used  for  steam  drums 
may  be  calculated  (French  code  AFNOR). 
(7)  Cylindrical  portion.  We  have: 

.  =  (41.97) 
2fz  +  p 

e    =  thickness  of  plate  for  cylindrical  portion,  in  mm  (in.) 

p   =  certified  pressure,  in  bars  (p.s.i.g.) 

D  =  external  diameter  of  drum,  in  mm  (in.) 

z    =  coefficient  allowing  for  the  welding  of  the  cylinder  (0.7  or  0.85) 
/    =  limit  applying  at  temperature  involved,  with  safety  factor  of  1.5,  in  daN/mm2. 
(2)  Thickness  of  ends.  If  the  end  is  of  basket-handle  shape  (Fig.  41.35): 

e  =  ^  +  c  (41.98) 

e    =  thickness  of  plate  for  ends  of  drum,  in  mm  (in.) 
p   =  pressure,  in  bars  (p.s.i.g.) 

C  =  shape  coefficient  =  0.25  D/H  (H  =  bulge  of  dished  end) 
c    =  additive  term  for  thickness,  allowing  for  possible  corrosion 
/  =  limit  applying  at  the  temperature  involved,  in  daN/mm2. 


Fig.  41.35.  Dished  end  of  boiler  drum. 
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MAINTENANCE  OF  BOILERS 

Slack  season.  The  boilers  often  deteriorate  as  much  during  the  slack  season  as  during  the 
crushing  season. 

To  avoid  this  it  is  necessary,  at  the  end  of  the  season,  to  empty  the  boilers  carefully,  and 
to  check  that  no  pockets  of  water  remain.  The  interior  will  be  painted  with  a  rust-preventive 
paint  (or  given  a  coat  of  used  oil),  and  the  boilers  will  be  closed  up  again  on  a  very  dry  day, 
after  having  introduced  a  tray  of  quicklime  or  calcium  carbide,  which  will  absorb  the  remain- 
ing humidity. 

Do  not  forget  to  remove  the  tray  before  the  next  crushing  season! 

Inspection.  Check  whether  the  tubes  connecting  headers  and  drums  (straight-tube  boilers) 
or  the  ordinary  tubes  (bent-tube  boilers)  are  pitted.  If  pits  are  found,  and  if  they  are  deep, 
the  tubes  should  be  replaced. 

These  pits  are  due  to  attack  of  the  metal  by  dissolved  oxygen,  and  are  particularly  to  be 
feared  with  acid  water.  Hence,  in  this  case,  check  the  pH  of  the  water. 

Check  whether  the  refractory  baffles  separating  the  gas  passes  are  in  good  condition.  A 
short  circuit  in  the  path  of  the  hot  gases  can  diminish  the  efficiency  very  markedly. 

Soot  blowers.  Before  using  the  soot  blowers  it  should  be  checked  that  the  piping  to  the 
blowers  has  been  well  drained.  Otherwise,  the  water  blown  among  the  tubes  will  provoke 
rapid  oxidation  in  all  parts  which  it  reaches. 

Cost.  The  cost  of  boilers  increases  approximately  proportional  to  the  square  root  of 
capacity  in  t/h  of  steam. 


STEAM  BALANCE 

There  is  frequently  need  to  establish  the  steam  balance  of  the  factory.  We  shall  proceed  to 
establish  one  but,  since,  if  we  sought  to  work  out  general  formulae,  we  should  end  up  with 
very  long  and  complicated  equations,  we  propose  to  take  a  concrete  case  and  reduce  all 
figures  to  a  crushing  rate  of  1  tonne  per  hour.  It  will  be  easy  to  repeat  the  calculation  in  any 
practical  case  whatever  which  may  arise,  by  replacing  the  values  adopted  by  the  appropriate 
figures,  and  calculating  the  quantities  of  steam  for  the  hourly  rate  concerned. 

Calculation  of  steam  balance 

We  shall  assume  the  following  conditions: 


Crushing  rate  of  the  factory 


100  t.c.h. 
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(a)  Steam  production 

Fibre  in  cane:  14% 

Weight  of  bagasse:  285  kg/t.c.  (640  Ib./t.c.) 

Moisture  in  bagasse:  48% 

Pol  in  bagasse:  2% 

Excess  air  in  flue  gases:  40% 

Temperature  of  gases  at  entry  to  the  chimney:  200°C  (400°F) 

Boiler  pressure:  28  kg/cm2  g  (400  p.s.i.g.) 

Temperature  of  the  superheated  live  steam:  380°C  (700°F) 

Temperature  of  water  in  feed  tank:  90°C  (194°F) 

Coefficients  characterising  the  efficiency  of  the  combustion  (cf.  p.  937):  a  =  0.97 


Factory  completely  electrified. 


0  =  0.97 
rj  =  0.97 


(b)  Steam  consumption 
Quadruple  effect  evaporation 

Weight  of  mixed  juice  per  tonne  of  cane:  1,000  kg  (2,240  lb.) 

Brix  of  clarified  juice:  13 

Brix  of  syrup:  65 

Temperature  of  primary  juice  after  mixing:  i22°F 

Temperature  of  secondary  juice  after  mixing:  122°F 

Vapour  bled  from  third  effect:  fj  =  52  kg/t.c.  (115  Ib./t.c.) 

Vapour  bled  from  second  effect:  Pz  =  44  kg/t.c.  (100  Ib./t.c.) 

Vapour  bled  from  first  effect:  A  =  28  kg/t.c.  (  63  Ib./t.c.) 

Temperature  of  primary  and  secondary  juices  at  the  outlet  from  vapour 

heating:  95 °C  (200°F) 

Temperature  of  heating  of  primary  and  secondary  juices  by  exhaust  steam:  103°C(218°F) 

Back-pressure:  1  kg/cm2  g  (15  p.s.i.g.) 

Vacuum:  65  cm  (26  in.) 

Input.  The  N.C.V.  of  the  bagasse  will  be  (eqn.  41.25): 
N.C.V.  =  4,250  -  (4,850  x  0.48)  -  (1,200  X  0.02)  =  1,900  kcal/kg  (3,416  B.T.U./lb.) 
The  loss  of  sensible  heat  in  the  flue  gases  will  be  (eqn.  41.48): 

q  =  [(1  -  0.48)  (1.4  X  1.4  -  0.13)  +  0.5]  (200)  =  290  kcal/kg  (534  B.T.U./lb.) 
The  quantity  of  heat  recovered  in  the  steam  will  be  (eqn.  41.50): 

Mv  =  (1,900  -  290)  0.97  X  0.97  X  0.97  =  1,470  kcal/kg  (2,630  B.T.U./lb.) 
We  may  comment  in  passing  that: 

Mv  1,470 

  -  =  77% 

N.C.V.  1,900 

Under  favourable  conditions,  a  figure  of  80%  and  even  82%  may  be  attained64. 

Now,  evaporation  of  1  kg  of  steam  will  require,  at  29  kg/cm2  abs.  and  38°C  (Tables  41.3 

and  41.1): 
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761  -  90  =  671  kcal/kg 


(1,199  B.T.U./lb.) 


and  1  kg  of  bagasse  will  thus  give: 


1,470 

~67T 


=  2.19  kg  steam  at  28  kg/cm2  and  380°C 


and  a  tonne  of  cane  can  supply,  if  necessary: 


285  x  2.19  =  624  kg  (1,402  lb.)  live  steam 


Output.  We  shall  first  calculate  the  steam  consumption  of  the  prime  movers,  and  then  the 
steam  consumed  in  manufacture. 

Prime  movers.  Power  requirements  for  the  various  sections  of  the  factory  are  estimated 
as  follows: 

(a)  Cane  handling,  this  includes  power  for  unloading  cane  from  the  delivery  trucks, 
transfer  to  cane  carrier  by  cranes,  lateral  tables,  etc.  Power  requirements  can  be  very 
variable,  for  instance,  negligible  in  Australia,  but  high  in  countries  where  the  fields  are  stony 
and  where  cane  is  stacked  in  a  pile  loaded  by  various  devices  on  to  the  carrier.  Power  required 
may  vary  from  0.1  to  1.5  kW/t.c.h.  Say  0.5: 


(c)  1st  knife-set:  varies  from  3  to  15,  say  averaging 

6  kW/t.f.h.:  0.85 

(d)  2nd  knife-set:  varies  from  10  to  70,  say  averaging 

15kW/t.f.h.:  2.10 

(e)  3rd  knife-set:  now  seldom  used:  — 
(/)  Shredder:  varies  from  10  to  50  kW/t.f.h.,  say  20  kW/t.f.h.: 

(g)  Mills:  varies  from  10  to  20  kW/t.f.h.  and  per  mill,  say 
15  kW/t.f.h.,  assuming  5  mills,  turbine  driven: 

(h)  Other  machines  in  the  factory  driven  by  electric  motors: 

10-20  kW/t.c.h.,  say  15:  15.00 


Electric 
motor 

drive 

(kW) 


Turbine 
drive 


(kW) 


(a)  Cane  handling: 

(b)  Cane  carrier: 


0.50 
0.15 


18.60 


13.30 


We  assume  the  steam  consumption  of  the  double-wheeled  turbines  for  shredder  and  mill 
drive  to  be  13.5  kg/kWh  (30  lb./kWh)  and  that  of  the  turbo-alternator  at  the  Power  Station 
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to  be  11  kg/kWh  (24.2  lb./kWh).  Allowing  for  the  efficiency  of  the  turbo-alternators,  the 
power  consumption  for  the  electric  motor  drives  listed  above  becomes: 

18.60 

=  22.50  kW/t.c;  at  11  kg/kWh  steam  consumption 


0.85x0.97 


Steam  requirement  is:  247.5  kg/t.c. 

For  turbines  fed  directly:  13.30  x  13.5  =  179.5  kg/t.c. 

427  kg/t.c. 

This  steam  is  recovered  as  exhaust,  and  allowing  for  losses  in  turbines  and  piping,  of  about 
5%,  we  have: 

427  x  0.95  =  406  kg/t.c. h.  in  exhaust  steam 

Manufacture,  (a)  Vapour  bleeding.  We  assume  that  the  vapour  bleeding  at  the  quadruple 
effect  for  juice  heating  (cf.  p.  589),  amounts  to  60,  35  and  32  kg/t.c. h.  for  P3,  P2  and  Pu 
respectively. 

(b)  We  assume  that  the  juice  after  heating  by  first  effect  vapour  is  heated  to  1 12°C  (218°F) 
by  exhaust  steam  and  that  the  steam  is  at  1  kg/cm2  =  120°C  (223 °F).  The  heating  before 
evaporation  thus  requires: 

1,000  x  0.9  (112  -  103) 

 =   16  kg  of  exhaust  steam  (36  lb)  per  t.c.h. 

525  x  0.95 

The  quantity  of  water  to  be  evaporated  from  the  juice  amounts  to: 


E  =  1,000  (  1  -  13  )  =  800  kg/t.c. 
\       65  ' 


(c)  Vacuum  Pans.  Assuming  that  the  A  pans  are  discontinuous,  and  B  and  C  are  con- 
tinuous pans,  the  steam  consumption  for  the  pans  will  be  (cf.  p.  666), 

A  m.c:  140  X  1.47  x  0.275  x   1.5  =  85  kg/t.c. h.  ) 

B  m.c:   60  X  1.47  X  0.300  x  1.2  =  32  kg/t.c. h.        I  142  kg/t.c. h. 

C  m.c:   40  X  1.47  x  0.360  x  1.2  =  25  kg/t.c. h.  ' 

which  we  suppose  shared  in  the  ratio  of:  98  kg  of  vapour  from  1st  vessel,  44  from  exhaust 
steam. 

We  thus  have  the  total  vapour  bleeding: 

3rd  vessel:  60 
2nd  vessel:  35 
1st  vessel:  32  +  98  =  130 
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The  distribution  of  evaporation  between  the  vessels  will  be,  designating  by  X  that  from  the 
last: 

X 

X  +  60 

X  +  60  +  35 

X  +  60  +  35  +  130 


4X  +  180  +  70  +  130  =  800  800 

The  steam  consumption  in  the  manufacture  is  thus: 
Heating  before  evaporators:     16  1 

Evaporation:  330         \       390  kg/h  (874  lb/h) 

Pans:  44  ' 

To  this  there  should  be  added  steam  required  for  cleaning,  steaming-out  pans,  soot  blowing, 
and  loss  in  leakages,  condensation  or  in  blow-off  at  safety  valves,  etc.  This  may  be  estimated 
at  60  kg/h,  giving  a  total  of  390  +  60  =  450  kg/h.  We  already  have  406  kg/h  from  the  tur- 
bines, leaving  a  further  quantity  of  44  kg/h  required.  The  quantity  of  live  steam  required 
will  thus  be  427  +  44  =  471  kg/h  (1,059  lb./h.).  The  factory  would  thus  have  an  excess  of 
bagasse  of: 

624-471 

H±ZJt'.£  =  24.5% 
624 

We  shall  see  that  it  is  possible  to  do  much  better. 


MAXIMUM  ECONOMY   -   POWER  FOR  EXTERNAL  USES 

The  financial  conditions  in  which  sugar  factories  operate  are  sometimes  difficult.  To  ensure 
stability,  the  sugar  factory  should  seek  to  capitalise  on  products  other  than  sugar  and 
molasses.  Now  it  has  one  product  which  it  utilises  very  incompletely:  the  bagasse.  Bagasse 
can  serve  as  raw  material  for  fibre  board  or  paper  pulp.  Unfortunately,  the  economic  condi- 
tions for  such  manufacture  are  often  unfavourable.  On  the  other  hand,  one  use  for  excess 
bagasse  is  generally  profitable,  particularly  since  the  crisis  in  petroleum  supplies;  that  is,  its 
conversion  to  electric  energy  for  sale  to  the  public  network. 

There  are  also  factories  which  grow  their  own  cane  in  dry,  tropical  areas  and  which  have 
high  need  for  irrigation  for  the  cane  in  addition  to  the  requirements  of  the  factory.  They  may 
find  it  profitable  to  produce  their  own  power  for  pumping,  rather  than  purchasing  power. 

To  consider  a  definite  case,  we  assume  sale  to  the  public  network.  This  solution  assumes 
agreement  and  cooperation  with  the  public  power  supply  authority.  To  be  truly  profitable, 
it  requires  on  the  part  of  the  factory:  (a)  maximal  economy  of  bagasse;  (b)  installation  of 


800  -  380_  No.  4  =  105 

4      ~         ~~  No.  3  =  165 

105  kg/h,  and  evaporations  No.  2  =  200 

from  the  4  vessels:  No.  1  =  330 
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a  power  plant  for  steam  generation  from  the  excess  bagasse  and  production  of  electricity  (this 
should  be  of  substantial  size  and  high  efficiency).  This  equipment  could  be  common  to  the 
requirements  of  both  the  sugar  factory  and  the  external  supply;  (c)  dovetailing  of  this  power 
plant  with  that  of  the  factory,  in  such  a  way  that  the  requirements  of  the  two  systems  do 
not  interfere  with  each  other,  and  so  that  both  obtain  the  maximum  benefit  of  the  potential 
of  the  system. 

If  the  necessary  financial  arrangements  are  satisfactory,  the  general  solution  is  straightfor- 
ward. For  the  best  conditions,  we  assume  the  case  of  a  new  factory.  For  an  existing  factory 
it  will  not  be  difficult  to  approach  the  solution  which  will  be  proposed  for  a  new  factory. 

The  maximal  economy  in  bagasse  will  be  obtained  by  the  following  means: 

(a)  Adoption  of  a  very  high  pressure  at  the  boilers:  45,  50,  55  or  60  atm;  a  value  of  50  -  55 
is  generally  sufficient. 

(b)  Adoption  of  a  maximal  exhaust-steam  temperature,  that  is,  just  below  the  safety  limit 
for  the  juice  (cf.  p.  506).  We  select  130°C  (266°F),  or  1.75  kg/cm2  (25  p.s.i.g.)  so  as  to  ensure 
that  the  juice  does  not  exceed  127-  128°C  (261  -262°F). 

(c)  This  temperature  suggests  the  use  of  downward  (falling-film)  circulation  for  the  first 
evaporator  vessel,  so  that  the  juice  passes  the  zone  very  rapidly  at  this  temperature. 

(d)  We  make  the  maximum  possible  use  of  vapour  bleeding,  from  the  lowest  possible 
vessels  of  the  set,  in  order  to  profit  by  the  resulting  economies. 

(e)  We  employ  continuous  vacuum  pans,  including  those  for  the  A  m.c,  since  continuous 
pans  accept  the  lowest  pressure  of  heating  vapours  (p.  716)  and  consume  less  vapour  if  live 
steam  agitation  is  not  used.  These  continuous  pans  contribute  to  regular  steam  demand  at 
the  boiling  house,  and  this  regularity  becomes  highly  desirable  with  power  supply  to  outside 
uses  (Fig.  41.36). 


708 
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Fig.  41.36.  Maximum  economy.  Diagram. 
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(f)  We  provide  for  a  pass-out  turbine  at  the  exhaust-steam  pressure,  in  order  to  allow  max- 
imum flexibility  for  production  of  process  steam  for  the  factory  and  power  for  the  supply 
network.  The  use  of  a  back-pressure  turbine  is  not  desirable  in  this  case,  though  it  involves 
less  investment  expenditure;  an  existing  factory  could  retain  its  back-pressure  turbines  for  use 
in  case  of  breakdowns.  For  a  new  factory  in  fact,  it  may  be  advisable  to  have  two  groups 
of  turbo-alternators  to  avoid  trouble  in  case  of  an  accident  to  one  of  the  groups  in  service. 

We  consider  as  an  example  the  following  case. 


Maximum  economy  for  sale  of  electric  power 

Factory  of  250  t.c.h. 
Fibre  in  cane  =  0.15 

Weight  of  bagasse  =  300  kg/t.c.  (672  lb./t.c.)  at  48%  moisture  and  1.8%  sugar 
Boiler  of  180  t/h  of  steam  at  55  atm  with  economiser  and  air  heater 
Superheat  to  440° C  (824°F) 

Excess  air  36% 

Efficiency  coefficient  for  combustion:  u(3rj  =  0.96 

Flue  gases  leaving  the  boiler  unit  =  156°C  (313°F) 

Temperature  of  feed  water  =  105°C  (221  °F) 

Back  pressure  =  1.75  kg/cm2  (25  p.s.i.g.)  =  130°C  (266°F) 

Turbo-alternator  of  30  MW,  admission  45  atm  (46  kg/cm2  =  654  p.s.i.g.)  435°C  (815°F) 
Passout  steam  at  5  kg/cm2  (71  p.s.i.g.)  and  1.75  kg/cm2  (25  p.s.i.g.) 
Tandem  of  four  mills  with  pressure  feeders,  1067  X  2134  mm  =  42"  x  84" 
Quintuple  effect  with  the  following  scale  of  temperatures  and  vapour  bleeding: 


Steam 

Latent  heat 

Juice  temp. 

Vapour  bleeding 

T(°C) 

r(°F) 

(kcal/kg) 

(B.T.U./lb.) 

t(°C) 

/  (°F) 

(kg/t.c.h.)  (lb./t.c.h.) 

Ex.  steam 

130 

266 

519 

934 

125 

257 

24  54 

1st  effect 

122 

252 

524 

943 

112 

234 

25  56 

2nd  effect 

113 

235 

530 

954 

98 

208 

29  65 

3rd  effect 

102 

216 

538 

968 

82 

180 

30  67 

4th  effect 

87 

189 

547 

985 

65 

149 

60  134 

5th  effect 

55 

131 

Brix  of  clear  juice  =  14 

Brix  of  syrup 

=  68 

Massecuites  in  continuous  pans: 

A  = 

140  1/t.c. 

=  5.02  cu.ft./t.c. 

B  = 

60  1/t.c. 

=  2.15  cu.ft./t.c. 

C  = 

40  1/t.c. 

=  1.44  cu.ft./t.c. 

Calculations  are  made  in  metric  units;  these  are  readily  transposed  into  British  units  with 
the  aid  of  the  values  above. 


Heat  input.  The  N.C.V.  of  the  bagasse  has  a  value  (eqn.  41.25): 

N.C.V.  =  4250  -  (4850  x  0.48)  -  (1200  x  0.018)  =  1900  kcal/kg 


MAXIMUM  ECONOMY  -   POWER  FOR  EXTERNAL  USES 


1019 


The  loss  of  sensible  heat  in  the  flue  gasses  is  (eqn.  41.48): 

q=  (d  -  0.48)  (1.4  x  1.36  -  0.13)  +  0.5)156  =  222  kcal/kg  of  bagasse 
The  quantity  of  heat  transferred  to  the  steam  will  be: 

Mv  =  (1900  -  222)  0.96  =  1611  kcal/kg  of  bagasse 
The  steam  obtained  by  combustion  of  1  kg  of  bagasse  will  be  (Tables  41.3  and  41.1): 

 — 1  =  2.36  kg  of  steam  at  46  kg/cm2  abs.  and  440°C 

787.6—  105.1  6 

and  1  tonne  of  cane  will  furnish:  300  x  2.36  =  708  kg  of  live  steam. 

Steam  usage.  (/)  Prime  movers.  Requirements  are  approximately: 

Electric  Turbine 
drive  drive 


(a)  Cane  unloading  and  feed  to  cane  carrier:  0.5  kW/t.c.h.:  125 

(b)  Cane  carrier  and  magnetic  separator:  0.4  kW/t.c.h.:  100 

(c)  1st  knife-set:  3-8  kW/t.f.h.,  say  4:  4  x  37.5:  150 

(d)  2nd  knife-set:  5-15  kW/t.f.h.,  say  4:  15  x  37.5:  560 

(e)  3rd  knife-set:  not  used: 

(0  Shredder:  30-40  kW/t.f.h.,  say  32  x  37.5:  1200 

(g)  Mills:  10-20  kW/t.f.h.  per  mill:  4  x  18  x  37.5:  2700 

(h)  Other  machines:  10-20  kW/t.c.h.,  say  12  x  250:  3000 


6635  1200 

The  shredder  will  be  driven  by  a  condensing  turbine  of  nine  stages;  steam  consumption  for 
this  will  be  5.5  kg/kWh,  or  6600  kg/h  =  26  kg/t.c.h. 

The  main  turbine  for  the  power  station  is  of  passout  type,  with  5,  6  or  8  high-pressure 
stages  and  4  low-pressure  stages.  The  condensor  pressure  is  0.09  atm  abs. ,  its  steam  consump- 
tion is  5  kg/kWh  condensing  and  9  on  passout  operation;  the  latter  figure  is  obtained  after 
deducting  power  absorbed  by  H.P.  auxiliaries  of  the  boiler  not  included  under  "other 
machines"  above. 

Allowing  for  a  mean  efficiency  of  electric  motors  of  0.85  and  efficiency  of  transmission 
lines  of  0.97,  the  power  consumption  of  the  turbo-alternator  at  the  Power  House  is: 
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(2)  Manufacture.  Clarified  juice  is  heated  from  112  to  125°C  before  the  first  vessel;  for  this 
heating,  the  steam  required  will  be: 

1000  x  0.9  v  125  -  112     _  ,    .  . 

P  ~  X  =  24  kg/t.c.h. 

C  >  .  ^  J>        519  & 


The  water  to  be  evaporated  in  quintuple  effect  is: 

1,000  I  1    1  =  794  kg/t.c.h. 

\       68  f 

Steam  consumption  for  the  pans,  all  continuous,  will  be  (kg/t.c.h.): 

A  m.c:  140  X  1.47  X  0.275  X  1.2  =  68  \ 

B  m.c:  60  x  1.47  x  0.300  x  1.2  =  32      [  125 

C  m.c:  40  x  1.47  X  0.360  X  1.2  =  25  » 

which  will  be  taken  from  the  second  effect. 

Hence  the  total  vapour  bleeding,  for  juice  heating  and  pans,  will  be  (kg/t.c.h.): 

4th  effect:  60 

3rd  effect:  30 

2nd  effect:  29  +   125  =  154 

1st  effect:  25 

and  the  evaporation  will  be: 

X 

X  +  60 

X  +    60  +  30 

X  +    60  +  30  +  154 

X  +    60  +  30  +  154  +  25 


SX  +  240  +  90  +  308  +  25 


794  -  663  „ 

=    794  X  =    =  26.2 


Hence  the  evaporation  for  the  5  effects  (kg/t.c.h.): 

5th  effect  =  =  26.2 

4th  effect  =  26.2  +  60  =  86.2 

3rd  effect  =  86.2  +  30  =  116.2 

2nd  effect  =  116.2  +  154  =  270.2 

1st  effect  =  270.2  +  25  =  295.2 
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The  steam  consumption  for  manufacture  is  thus  (kg/t.c.h.): 

Juice  heating:  24 
Evaporation:  295 

319 

In  addition  to  juice  heating  and  evaporation,  the  factory  requires  an  additional  40  kg  of 
medium-pressure  steam,  for  cleaning,  for  steaming  out,  soot  blowers,  etc.  This  steam  is  taken 
from  the  first  stage  of  the  turbine,  at  5  kg/cm2  or  between  5  and  6  kg/cm2  (70-85  p.s.i.g.), 
according  to  the  stage  which  can  best  supply  it.  The  steam  consumption  of  the  turbine  at  this 
stage  is  approximately  1 1  kg/kWh. 

Recapitulating,  we  have  the  following  steam  consumption  figures: 

(a)  The  shredder,  driven  by  its  own  turbine,  consuming  5.5.  kg/kWh  or  1200  x  5.5: 
6600  kg/h  =  26  kg/t.c.h. 

(b)  The  M.P.  vapour  from  1st.  pass-out:  40  x  250  =  10000  kg/h  =  40  kg/t.c.h. 

(c)  Heating  and  evaporation  from  2nd  pass-out  stage,  or:  319  x  250  =  79750  kg/h  =  319 
kg/t.c.h. 

If  we  supply  all  the  bagasse  to  the  boilers,  and  pass  out  the  foregoing  quantities,  we  shall 
have: 


H.P.  steam;  300  X  250  X  2.36: 

177,000 

kg/h  = 

:  708 

kg/t.c.h. 

of  which  the  shredder  takes  directly: 

6,600 

kg/h  = 

=  26 

kg/t.c.h. 

There  remains  for  the  turbine: 

170,400 

kg/h  = 

=  682 

kg/t.c.h 

The  1st.  pass-out  station  bleeds  off: 

10,000 

kg/h  = 

=  40 

kg/t.c.h. 

There  remains: 

160,400 

kg/h  = 

=  642 

kg/t.c.h 

The  2nd.  pass-out  takes: 

79,750 

kg/h  = 

=  319 

kg/t.c.h, 

There  remains  for  sale  outside: 

80,650 

kg/h  = 

:  323 

kg/t.c.h. 

At  full  load,  the  power  consumption 

will  thus  be 

(kW): 

Shredder:  26/  5.5  4.7 

1st  pass-out:  40/11  3.6 

2nd  pass-out:  319/  9  35.4 

To  condensor:  323/  5  64.6 


108.3  kW/p.t.c.  X  250  =  27,075  kW 
Of  which  the  factory  requires  for  its  own  uses:  9,250 


Leaving  for  external  uses: 


17,825 
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We  have  not  sought  to  economise  in  power  requirements  of  the  prime  movers  in  the  factory 
and  have  allowed  more  than  36  kW/t.c.h.  However,  many  factories  use  only  25-30 
kW/t.c.h.  for  the  total  of  their  prime  movers,  thus  25  x  250  =  6250  kWh.  Requirements 
for  the  manufacture  remain  the  same,  thus  available  for  outside  purposes:  27,025-6,250  = 
20,825  kW. 

The  operation  of  this  power  production  unit  and  its  adaptation  to  possible  variations  in 
conditions  of  the  factory  operation  (though  as  little  as  possible)  can  be  assured  automatically 
by  a  quick-action  valve  of  hydraulic  -  electronic  control  and  of  high  sensitivity  which 
regulates  the  proportion  of  steam  bled  off  from  the  turbine. 

Where  the  supply  authority  requires  it,  it  is  possible  to  add  a  method  of  regulation  and 
stabilisation  of  the  power  delivered  to  the  public  network.  This  requires  that  the  supply 
should  not  be  disturbed  by  stoppages  or  breakdowns  in  the  factory,  which  can  cause  an 
abrupt  drop  in  power  production  from  27,000  to  18,000  kW,  or  by  33%.  These  are  the  most 
severe  conditions  which  can  be  encountered  for  regulation  of  supply. 


200, 


0  10  20  30      Power  CMW) 

Fig.  41.37.  Steam  consumption  and  power  as  a  function  of  extraction. 
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We  give  a  graph  (Fig.  41.37)  of  the  power  and  steam  consumption  figures  as  a  function 
of  the  quantity  of  pass-out  steam,  in  the  conditions  of  the  example  given. 

We  may  comment  that  a  factory  thus  equipped  can  dispose  for  sale,  or  for  irrigation  of 
its  cane  lands,  70-80  kW/t.c.h. 


SALE  OF  POWER  BY  THE  SUGAR  FACTORY 

The  production  of  energy  by  the  sugar  factory  for  the  public  supply  authorities  poses  certain 
problems: 

(a)  The  sugar  factory  is  a  seasonal  industry,  whereas  the  needs  of  the  public  supply  are 
necessarily  for  the  whole  year.  The  situation  is  similar  with  regard  to  irrigation  needs  for  a 
tropical  factory  which  produces  the  cane  which  supplies  it;  with  this  difference:  that  the  ir- 
rigation demand  is  during  the  dry  season  and  irrigation  loses  its  importance  during  the  rest 
of  the  year.  When  the  public  supply  is  partly  derived  from  a  hydro-electric  plant,  the  situa- 
tion again  is  similar;  the  sugar  factory  then  can  supply  power  during  the  periods  of  low  water 
flow  and  thus  fill  the  gap  in  the  supply  of  hydro-power.  Again,  the  demand  for  electricity 
coincides  only  partially  with  the  period  of  power  production  from  the  factory. 


Fig.  41.38.  "Promill':  pellet  mill  working. 
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(b)  It  is  thus  necessary  to  be  able  to  store  excess  bagasse  during  twelve  months  or  at  least 
during  a  longer  period  than  the  crushing  season.  Unfortunately,  bagasse  is  a  very  light, 
voluminous  material,  costly  to  compress  or  to  store  and  handle,  and  presenting  some  fire 
risk. 

The  bagasse  may  be  pressed  and  stored  in  bales  (cf.  p.  915),  but  the  operation  and  labour 
requirements  are  expensive.  At  present  (1982)  attention  is  being  directed  to  a  solution  which 
seems  more  elegant:  "palletisation"  of  the  bagasse.  This  consists  of  drying,  fibrating  and 
compressing  the  bagasse  and  extruding  it  in  the  form  of  fingers  of  the  dimensions  of  a 
cigarette  or  large  pencil,  several  centimetres  in  length  and  described  as  "pellets",  or 
sometimes  called  granules.  Equipment  for  this  operation  and  extrusion  is  made  in  France  by 
Promill,  in  California  by  C.P.M.  (California  Pellet  Mill),  and  in  Germany  by  Kahl  (Figs. 
41.38  and  41.39). 

Transformation  of  bagasse  into  pellets  requires  a  previous  moisture  content  of  15%,  and 
heating  to  80°C.  The  operation  consumes  80  kWh/tonne  of  pellets. 

The  pellets  are  delivered  at  8  or  lOVc  moisture;  their  N.C.V.  is  thus  about  3.800  kcal/ke 
(6,840  B.T.U./lb.).  They  cannot  be  used  in  boilers  with  spreader-stoker  furnaces  since  they 
are  too  heavy  to  burn  in  suspension  and  fall  immediately  onto  the  grate;  thus  they  would 
have  to  be  broken  up  before  feeding  to  the  furnace.  It  would  seem  that  they  could  be  burnt 


Fig.  41.39.  "C.P.M."  pellet  mill  open  for  cleaning. 
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in  a  travelling-grate  furnace,  as  for  fine  coal,  without  previous  disintegration;  but  we  have 
no  knowledge  of  tests  of  this  type.  They  form  an  excellent  fuel,  but  present  difficulties  on 
account  of  the  high  ash  content,  which  may  be  as  high  as  10-  12%.  Hence  the  necessity  for 
a  travelling  grate,  rather  than  a  rocking  grate.  We  may  comment  that  1  kg  of  pellets  at  10% 
moisture  would  give  4.8  kg  of  steam  at  45  atm  and  425 °C,  more  than  double  that  from  1 
kg  of  bagasse  at  48%  moisture.  If  we  compare  the  steam  production  per  kg  of  bagasse  before 
and  after  forming  into  pellets,  the  560  g  of  pellets  derived  from  1  kg  of  bagasse  gives  2.7 
kg  of  steam  compared  with  2.2,  or  22%  more;  but  this  does  not  say  that  it  can  be  burnt  in 
the  same  furnace. 

It  is  probable  that  the  development  of  pelletisation  will  lead  to  the  design  of  a  type  of  fur- 
nace and  combustion  chamber  of  a  special  design  permitting  efficient  combustion  of  this 
fuel. 

There  are  some  bagasse  feeders  of  Star  type  (Woodex  System),  which  permit  combustion 
of  bagasse  pellets  in  a  spreader-stoker  type  furnace. 

TABLE  41.29 

STEAM  CONSUMPTION  OF  TURBO-GENERATORS  (kg/kWh) 

Admission  pressure  Back-pressure  Steam  consumption  (kg/kWhf 

and  superheat 

(kg/cm2)  (p.s.i.g.)  (kg/cm1)     (p.s.i.g.)         at  {  load      at  I  load     at  full  load 


18;  325°C  250;  620°F  0.5               7  12.3  11.4  10.6 

22;  350°C  300;  660°F  0.6               8  11.6  10.8  10.0 

25;  380°C  350;  700°F  1.0  15  11.7  10.9  10.1 

25;  380°C  350;  700°F  1.5  20  12.7  11.8  10.9 

25;  380°C  350;  700° F  0.07b            Ih  6.2              5.7  5.3 

45;440°C  640;  825  °F  0.09b            1.4b  5.7              5.3  5.0 


a  For  Ib./kWh,  multiply  by  2.2. 
b  Absolute. 

Steam  consumption  of  prime  movers 

The  steam  consumption  of  steam  turbines  will  be  calculated  as  indicated  on  p.  1063. 

Example.  Table  41.29  gives  steam  consumption  of  a  turbo-alternator,  for  several  typical 
cases. 

Losses.  Two  types  of  loss  have  to  be  taken  into  account: 

(a)  Losses  in  turbines:  leaks  occur  predominantly  around  the  shaft,  at  the  labyrinth  pack- 
ing. We  may  reckon  3%.  This  loss  is  reckoned  between  admission  and  exhaust  of  steam. 

(b)  Piping:  the  steam  pipes  lose  steam  by  leaks  at  the  joints,  by  condensation  and  at  steam 
traps,  etc.  Deerr69  estimates  that  a  factory  has  about  5  m2  (56  sq.ft.)  of  pipe  surface  per 
t.c.h.,  in  high-pressure  steam  piping,  and  as  much  in  exhaust  steam  piping.  Say  a  total  of 
10  mVt.c.h.  (112  sq.ft/t.c.h.) 
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If  these  pipes  are  bare,  they  would  lose: 
Exhaust  steam:  1,200  kcal/mVh)  (450  B.T.U./sq.ft./h)  =  10  kg  (20  lb.)  steam/t.c. 
Live  steam:  3,600  kcal/mVh  (1,350  B.T.U./sq.ft./h)  =  30  kg  (60  lb.)  steam/t.c. 

Properly  lagged,  these  pipes  would  lose  on  an  average  300  kcal/mVh  (110 
B.T.U./sq.ft./h),  say  about  3,000  kcal/t.c.  or  approximately  5  kg  (10  lb.)  steam/t.c. 

(c)  Multiple  effect.  In  estimating  that  an  evaporator  of  n  effects  evaporates  n  kg  of  water 
per  kg  of  steam  admitted  to  the  first  effect,  we  have  taken  into  account  its  losses  by  radiation 
and  convection.  However,  this  is  the  case  of  a  multiple  effect  which  is  correctly  lagged.  If 
it  is  badly  lagged,  we  have  seen  elsewhere  (cf.  p.  544)  the  loss  which  must  then  be  calculated. 

Steam  consumption  per  tonne  cane.  The  steam  consumption  per  t.c.  varies  finally  between 
rather  wide  limits,  according  to  the  degree  of  steam  economy  realised  in  the  manufacture, 
i.e.  according  as  operation  is  in  triple,  quadruple,  or  quintuple  effect;  according  to  the  extent 
of  vapour  bleeding  used;  and  also  whether  or  not  thermo-compression  is  employed,  etc. 

The  highest  steam  consumptions  are  reached  where  white  sugar  is  being  manufactured, 
with  evaporation  in  quadruple  or,  obviously,  particularly  in  triple  effect,  without  vapour 
bleeding.  Steam  consumption  may  then  reach  60  —  65%  on  cane. 

With  raw  sugar,  according  to  the  economy  sought  at  the  evaporators  and  the  quantity  of 
imbibition  used,  steam  consumption  will  amount  to  50-60%  on  cane. 

In  well-equipped  modern  factories  with  high-pressure  boilers  and  superheaters,  quadruple 
effects  and  a  full  sequence  of  vapour  bleeding,  steam  consumption  should  be  between  45  and 
50%  on  cane. 

With  quintuple  effects,  thermo-compression  or  pressure  evaporation,  it  is  possible  to  go 
as  low  as  36 — 45%  on  cane. 

Fluctuations  in  steam  consumption.  The  variations  in  momentary  requirements  of  steam 
in  the  sugar  factory  are  due  to  many  factors,  only  one  of  which  is  unavoidable  in  practice: 
the  fluctuations  in  steam  consumption  at  the  vacuum  pans.  We  have  seen  (p.  663)  the  tremen- 
dous variations  in  evaporation  rate  from  the  beginning  to  the  end  of  a  strike.  Since  the 
number  of  pans  is  generally  between  4  and  6,  these  individual  variations  have  a  very  marked 
effect  on  the  general  steam  consumption  of  the  factory. 

For  the  pans,  we  may  estimate  a  total  variation  of  approximately  50%  (in  other  words, 
from  50  to  150,  if  the  mean  consumption  is  100).  According  to  the  brix  value  adopted  for 
the  syrup,  the  quantities  of  dilution  and  washing  water,  etc.,  added  at  the  pan  station,  the 
total  steam  consumption  of  this  station  will  vary  from  5  to  10%  on  cane  (1 12  -  224  lb. /t.c). 

We  may  comment  that  it  is  preferable  to  express  this  variation  as  a  percentage  on  cane 
rather  than  to  reckon  it  as  a  percentage  on  the  total  steam  consumption,  since  in  practice 
only  the  variation  in  steam  consumption  at  the  pans  is  concerned.  As  a  percentage  of  the  total 
steam  consumption,  this  variation  will  generally  represent  between  ±10  and  ±20%. 

A  big  factor  in  the  variations  in  steam  demand  is  the  relative  dimensions  of  the  individual 
vacuum  pans.  A  factory  having  very  large  pans  relative  to  its  capacity,  particularly  in  A 
massecuite,  will  show  much  greater  variations  in  its  steam  consumption  than  a  factory  having 
a  larger  number  of  smaller  pans. 


MAXIMUM  ECONOMY  -  POWER  FOR  EXTERNAL  USES 


1027 


Heat  balance.  If,  instead  of  calculating  in  weight  of  steam,  the  balance  is  expressed  in  heat 
units,  a  somewhat  different  table  is  obtained.  The  following  is  an  example  given  by  three 
Taiwan  technologists693  for  three  defecation  factories: 


kcal/t.c. 

B.T.U./t.c. 

% 

Turbo-generators: 

17,200 

69,300 

5 

Mills: 

12,600 

50,900 

4 

Pumps: 

4,300 

17,200 

1 

Total  for  power: 

34,100 

137,400 

10 

Evaporation: 

151,800 

612,200 

47 

Pans: 

90,000 

362,900 

28 

Total  for  boiling  house: 

241,800 

975,100 

75 

Other  requirements: 
Losses: 

Total  heat  consumption: 


470  1,900 
10,600  42,600 


287,000  1,157,000 


Heat  lost  in  condenser  water:        40,000         160,000  12.2 


Total  heat  output:  327,000       1,317,000  100 


Carbonatation  factories  require  20%  more  heat,  due  mostly  to  requirements  at  the  pans, 
on  account  of  the  low  brix  of  syrup.  The  three  defecation  factories  in  the  previous  example 
had  a  syrup  brix  of  65  and  crushed  2,325  t.c.  per  day  (weighted  average). 

As  general  figures,  heat  consumption  in  sugar  factories  is: 

Power:  10    -12  % 

Boiling  house:  70    -78    %  (40%  being  for  evaporation) 

Other  uses:  0.1-7  % 

Losses:  0.1-  7.3% 

Lost  in  condenser  water:    9.7-13  % 


Influence  of  rate.  Heat  requirements  per  t.c.  vary  when  hourly  crushing  rate  increases  or 
decreases.  In  Taiwan,  this  has  been  expressed  by: 


M=  340,000  -  3,400  {A'  -  A)  kcal/t.c.         (1,350,000  -  13,500  {A'  -  A)  B.T.U./t.c.) 


M  = 

A  = 
A  '  = 


total  heat  requirements  for  the  factory,  in  kcal/t.c.  (B.T.U./t.c.) 
nominal  crushing  rate,  in  t.c.h. 
actual  crushing  rate,  in  t.c.h. 
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It  is  also  estimated  that  a  10%  increase  in  crushing  rate  leads  to  an  8%  decrease  in  heat 
consumption  per  t.c. 

Another  report  from  Taiwan6<jb  states  that  a  2%  increase  in  crushing  rate  permits  of  a 
saving  of  approximately  1%  in  steam  consumption  per  t.c.  for  electrified  factories. 

Total  power.  Similarly,  the  average  total  power  consumed  in  a  sugar  factory  is  rather 
variable:  Deerr70  estimates  18  i.h.p./t.c.h.;  Tromp71  estimates  25  i.h.p./t.c.h.,  but  the  latter 
author  comments  that  it  is  necessary  to  calculate  this  value  in  each  case,  since  it  varies  greatly 
in  different  installations. 

In  India72,  a  figure  of  32  i.h.p./t.c.h.  is  given. 

7  3 

Webre    gives  as  an  upper  limit  26  kW  =  35  i.h.p./t.c.h. 

The  high  power  consumption  used  in  recent  years  by  the  South  African  industry,  for  cane 
preparation  and  the  long  milling  trains,  has  led  to  a  total  figure  of  36-40  kW/t.c.h. 

Influence  of  electrification.  It  is  appropriate  to  comment  that  electrification  itself  effects 
no  economy  in  steam.  It  involves  a  triple  transformation  of  energy  (thermal  energy  into 
mechanical,  mechanical  energy  into  electrical,  electrical  energy  into  mechanical  energy), 
which  affects  the  steam  consumption  in  each  case,  and  thus  loses  the  benefit  of  the  high  ther- 
modynamic efficiency  of  the  steam  turbine. 

For  example,  the  calculation  of  steam  balance  (p.  1012)  carried  out  for  a  factory  with  steam- 
driven  mills,  steam  engine  for  central  vacuum  system,  and  a  generating  set  for  pumps  and 
small  isolated  units  only,  where  the  steam  engines  were  drop-valve  engines  working  at  15 
kg/cm2  (215  p.s.i.),  with  steam  slightly  superheated  to  250°C  (480°F),  gave  a  total  steam  con- 
sumption hardly  higher  than  for  the  electrified  factory:  (470  kg/t.c.  (1,050  Ib./t.c). 

However,  it  is  electrification  that  has  effected  the  main  progress  in  steam  economy,  since 
it  has  permitted  the  elimination  of  direct-acting  pumps  and  small  isolated  units  by  replacing 
them  with  motor-driven  units. 

Effect  of  brix.  In  all  the  preceding  considerations,  the  steam  consumption  has  been  related 
to  tonnage  of  cane.  This  is  normal  practice,  since  the  crushing  rate  in  terms  of  cane  is  the 
essential  figure  for  the  factory.  In  reality,  however,  the  steam  consumption  depends  more 
closely  on  the  total  quantity  of  brix  treated  than  on  the  actual  quantity  of  cane.  For  accurate 
comparisons  between  factories,  or  within  the  same  factory,  it  may  be  valuable  to  relate  the 
weight  of  steam  consumed  not  to  the  weight  of  cane  handled  but  to  the  weight  of  brix  enter- 
ing the  factory,  which  is  of  the  order  of  15%  on  cane.  It  may  be  commented  that,  for  a  given 
factory,  an  increase  in  brix  may  have  a  positive  or  a  negative  effect  on  steam  consumption. 
In  Taiwan69b  it  is  estimated  that  a  IWo  increase  in  brix  of  mixed  juice  leads  to  a  1  %  decrease 
in  steam  consumption  per  tonne  of  cane. 

In  Java  an  average  steam  consumption  was  reported  as: 

3,200  kcal/kg  (5,760  B.T.U./lb.)  of  brix,  for  defecation  factories  (raw  sugar) 
3,500  kcal/kg  (6,300  B.T.U./lb.)  of  brix,  for  sulphitation  factories  (white  sugar) 
3,300  kcal/kg  (5,940  B.T.U./lb.)  of  brix,  for  carbonatation  factories  (white  sugar) 


reckoned  in  terms  of  fuel  burnt. 
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In  South  Africa18,  the  average  consumption  on  the  same  basis  was  given  as  4,170  kcal/kg 
of  brix,  of  which  3,817  was  obtained  from  the  bagasse  and  the  remainder  from  supplemen- 
tary fuel. 


GENERAL  ARRANGEMENT   OF   THE   STEAM  CYCLE 


The  simplest  steam  cycle  in  a  modern  factory  consists  of  producing  the  steam  in  high-pressure 
boilers  and  expanding  it  to  the  pressure  necessary  for  manufacture,  in  turbo-alternators 
(T.A.,  Fig.  41.40),  which  produce  all  the  electric  power  necessary  for  the  factory.  When  the 
mills  are  driven  by  steam  turbines,  these  are  supplied  by  a  branch  taken  directly  from  the 
high-pressure  steam  piping. 

H.RBoilers 


Desup. 


Condensates 
Fig.  41.40.  Steam  circuit  No.  1. 


Since  the  quantity  of  exhaust  steam  supplied  by  these  turbo  sets  is  insufficient,  the  high- 
pressure  circuit  is  connected  to  the  low-pressure  circuit  through  a  steam  reducer -de- 
superheater  (Desup.)  which  supplies  the  make-up  steam  necessary.  Finally,  the  high-pressure 
circuit  will  be  completed  by  a  connection  to  the  thermo-compressor  (T.C.). 

Where  the  mills  are  driven  by  reciprocating  engines,  a  medium-pressure  (M.P.)  circuit  is 
provided  serving  these  engines  (Fig.  41.41). 

A  partial  reducer  -  de-superheater  (Desup.)  should  be  installed  between  the  H.P.  and  M.P. 
circuits,  but  a  simple  pressure  reducer  (R.V.)  will  be  sufficient  between  the  M.P.  and  L.P. 
circuits. 


Choice  of  steam  pressure 

In  the  sugar  factory  we  have  three  principal  steam  pressures: 

(a)  The  H.P.  steam  for  the  turbo  sets 

(b)  The  M.P.  steam  for  reciprocating  engines 

(c)  The  L.P.  steam  for  manufacture. 
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M.R  Steam 

s5~ 


M.P.  Boiler 


~>  Engine 

1 

^1 

H.R  Boiler 


L.R  Steam 


Condensates 

Fig.  4J.4],  Steam  circuit  No.  2. 


(a)  Choice  of  high  pressure.  To  achieve  a  suitably  economical  operation  of  the  steam  tur- 
bines, it  is  necessary  to  have  a  high  pressure  between  16  and  45  kg/ cm2  (225-640  p.s.i.). 

Below  16  kg/cm2,  the  steam  consumption  of  the  turbines  increases  rapidly.  Also,  the  do- 
main of  the  reciprocating  engine  readily  extends  to  15  kg/cm2.  If  this  limit  were  not  exceeded, 
there  would  be  every  advantage,  as  much  from  the  point  of  view  of  first  cost  of  the  installa- 
tion as  from  that  of  steam  consumption,  in  retaining  the  drop-valve  engine,  operating  at  15 
kg/cm2,  with  a  slight  superheat  to  250°C. 

Above  45  kg/cm2,  the  expense  of  the  installation,  due  to  the  rapid  increase  in  cost  of  the 
boilers,  with  increasing  pressure,  reduces  the  value  of  the  steam-economy  obtained. 

Furthermore,  above  30  kg/cm2  (425  p.s.i.),  it  is  generally  necessary  to  treat  the  boiler  feed 
water,  since  its  quality  and  purity  become  more  and  more  critical  as  the  pressure  is  increased. 
Such  water  treatment  involves  a  complication  and  further  expense. 

Steam  conditions  are  generally  kept  within  the  ranges  shown  in  Table  41.30. 

TABLE  41.30 

OPTIMAL  CONDITIONS  FOR  h.p.  STEAM  IN  THE  SUGAR  FACTORY 


kg/cm1  p.s.i.  °C  °F 


18  250  300-350  575-650 

20  280  325-375  625-700 

25  350  350-400  650-750 

30  425  375-425  700-  800 

45  640  4  2  0  -  45  0  790  -  840 
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Within  these  various  values,  the  advantages  and  disadvantages  compensate  each  other  and 
the  choice  may  depend  on  secondary  considerations  such  as  space  required. 

(b)  Choice  of  medium  pressure.  The  M.P.  is  more  especially  of  interest  with  regard  to 
reciprocating  engines.  To  obtain  economical  operation  with  these,  it  is  necessary  to  use  a 
pressure  between  6  and  15  kg/cm2  (85-215  p.s.i.). 

The  highest  pressures,  12-  15  kg/cm2  (170-215  p.s.i.),  should  be  adopted  for  factories 
without  turbines,  but  with  an  electric  generating  set.  Their  steam  engines  will  then  function 
under  particularly  economical  conditions. 

However,  factories  having  the  three  levels  of  pressure  will  maintain  an  M.P.  level  of  6 
kg/cm2  (85  p.s.i.)  or  thereabouts,  particularly  if  they  do  not  use  reciprocating  engines. 

Where  reciprocating  engines  are  used,  the  pressure  should  not  go  below  6  kg/cm2  (85 
p.s.i.),  on  account  of  the  rapid  increase  in  steam  consumption  of  these  engines  below  that 
figure. 

(c)  Choice  of  low  pressure.  The  low  pressure  is  generally  at  the  same  time  the  upper  limit 
of  pressure  for  the  boiling  house  as  well  as  the  back-pressure  for  the  engines. 

To  avoid  development  of  colour  in  the  juices  and  to  avoid  destruction  of  sucrose,  we  have 
seen  (Table  32.4)  that  it  is  advisable  not  to  exceed  1.5  kg/cm2  (20  p.s.i.g.)  in  an  ordinary 
multiple  effect,  or  2  kg/cm2  (28  p.s.i.g.)  in  a  Kestner. 

If  pressure  evaporation  is  to  be  used,  it  will  be  necessary  to  work  to  these  limits  or  to  ap- 
proach them  closely.  Otherwise,  pressure  should  be  kept  between  0.5  and  1.2  kg/cm2  (7  -  17 
p.s.i.g.).  If  reciprocating  engines  are  used,  the  pressure  will  be  kept  between  0.5  and  0.6 
kg/cm2  (7-9  p.s.i.g.).  If  not,  it  will  be  advisable  to  increase  to  0.8-  1.2  kg/cm2  (12-  17 
p.s.i.g.). 

Sometimes  the  low-pressure  system  is  divided  into  two:  a  higher  pressure  for  coil  pans  (1.4 
kg/cm2,  for  example)  and  a  lower  pressure  for  juice  heaters  and  multiple  effects  (0.5  kg/cm2, 
for  example).  This  has  the  disadvantage  of  complicating  the  piping  system  for  steam  distribu- 
tion. 
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TABLE  41.1  A 


PROPERTIES  OF  DRY  SATURATED  STEAM  (METRIC  UNITS) 


/ 

1 

temperature,  in°C 

Y  — 

latent  heat  of  vaporisation  of  water  at 

p 

absolute  pressure  of  the  vapour,  in 

kg/cm2 

t°C,  in  kcal/g 

P 

gauge  pressure  of  the 

;  vapour,  in  kg/cm2 

A  — 

q  +  r  =  total  heat  of  1  kg 

of  water  at  f°C 

A 
u 

density  of  water  at  t°C,  in  kg/dm3 

W  — 

density  of  vapour  at  t°C,  in  kg/m3 

<7 

1  kg  of  water  from 

V  — 

specific  volume  of  vapour  at  t°C,  in 

0  to  f°C,  in  kcal/kg 

mVkg 

t 

P 

d 

<7 

Y 

X 

a) 

V 

0 

0.00623 

0.99987 

0 

597.2 

597.2 

0.00485 

206.3 

J 

0.00889 

0.99999 

5 

594  4 

599.4 

0.00680 

147.2 

10 

0.01251 

0.99973 

10 

591  6 

601.6 

0.00940 

106.4 

15 

0.01738 

0.99913 

15 

588  8 

JOO.O 

603.8 

0.01282 

77.99 

1  u 

0.01853 

0.99897 

16 

588  3 

604.3 

0.01363 

73.39 

17 

0.01975 

0  99880 

17 

587  7 

JO  /  .  / 

604  7 

V'vrt.  / 

0  01447 

6Q  10 

18 

10 

U.UZIUj 

0.99862 

18 

587  1 

JO  1  . 1 

605.1 

0.01536 

65.10 

1Q 

0.02239 

0.99843 

19 

586  6 

JOU.U 

605.6 

0.01630 

61.35 

20 

0.02383 

0.99823 

20 

586 

JOU 

606 

0.01729 

57.84 

21 

0.02534 

0.99802 

21 

585.5 

606.5 

0.01833 

54.56 

22 

0.02694 

0.99780 

22 

584.9 

606.9 

0.01942 

51.49 

Z  J 

0.02863 

0.99756 

23 

584  3 

607.3 

0.02056 

48.63 

94 

0.03041 

0.99732 

24 

583  8 

607.8 

0.02177 

45.94 

LJ 

0.03229 

0.99707 

25 

583  2 

608.2 

0.02304 

43.41 

96 

0.03426 

0.99681 

26 

582  6 

608.6 

0.02437 

41.04 

71 

0.03634 

0  99654 

97 

589  1 

JOZ..  1 

609  1 

UU7.  1 

0  09576 

^8  89 

z.o 

\J.\JjOJ  J 

0.99626 

28 

581  5 

JO  1  .J 

609.5 

0.02723 

36.73 

?Q 

£>y 

0.04083 

0.99597 

29 

581 

JO  1 

610 

0.02876 

34.77 

0.04325 

0.99567 

30 

580  4 

'  610.4 

0.03036 

32.93 

31 

0.04580 

0.99537 

31 

579.8 

610.8 

0.03204 

31.20 

32 

0.04847 

0.99505 

32 

579.3 

611.3 

0.03380 

29.58 

x\ 

j  j 

0.05128 

0.99463 

33 

578  7 

J  1  O.  / 

611.7 

0.03565 

28.05 

0.05423 

0.99440 

34 

J  10. 1 

612.1 

0.03758 

26.61 

0.05733 

0.99406 

35 

577  5 

j  1  1  .j 

612.5 

0.03960 

25.25 

^6 

0.06057 

0.99371 

36 

577 

j  1 1 

613 

0.04171 

23.97 

37 

0.06398 

0.99336 

37 

j  / 

613.4 

0.04392 

22.77 

JO 

0  06755 

0.99299 

38 

575  Q 

j  /  j 

613.9 

0.04622 

21.63 

0.07129 

0.99262 

39 

575  "3 

614.3 

0.04863 

20.56 

4-0 

0.07520 

0.99224 

40 

574.7 

614.7 

0.05114 

19.55 

41 

0.07930 

0.99186 

41 

574.2 

615.2 

0.05377 

18.60 

42 

0.08360 

0.99147 

42 

573.6 

615.6 

0.05650 

17.70 

43 

0.08809 

0.99107 

43 

573 

616 

0.05935 

16.85 

44 

0.09279 

0.99066 

44 

572.4 

616.4 

0.06233 

16.04 

45 

0.09771 

0.99024 

45 

571.8 

616.8 

0.06544 

15.28 

46 

0.10284 

0.98982 

46 

571.2 

617.2 

0.06867 

14.56 

47 

0.10821 

0.98940 

47 

570.7 

617.7 

0.07203 

13.88 

48 

0.11382 

0.98896 

48 

570.1 

618.1 

0.07553 

13.24 

49 

0.11967 

0.98852 

49 

-  569.5 

618.5 

0.07918 

12.63 

50 

0.12578 

0.98807 

50 

569 

619 

0.08298 

12.05 
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X 


51 
52 
53 
54 
55 
56 
57 
58 
59 
60 


0.1322 
0.1388 
0.1457 
0.1530 
0.1605 
0.1684 
0.1765 
0.1850 
0.1939 
0.2031 


0.98762 
0.98715 
0.98669 
0.98621 
0.98573 
0.98524 
0.98478 
0.98425 
0.98375 
0.98324 


50.9 
51.9 
52.9 
53.9 
54.9 
55.9 
56.9 
57.9 
58.9 
59.9 


568.4 

567.8 

567.3 

566.7 

566.1 

565.6 

565 

564.4 

563.8 

563.3 


619.3 
619.7 
620.2 
620.6 
621 
621.5 
621.9 
622.3 
622.7 
623.2 


0. 
0.0910 
0.0953 
0.0997 
0.1043 
0.1091 
0.1141 
0.1193 
0.1247 
0.1302 


11.50 

10.98 

10.49 

10.02 
9.584 
9.164 
8.764 
8.385 
8.025 
7.682 


61 
62 
63 
64 
65 
66 
67 


70 


0.2127 
0.2227 
0.2330 
0.2438 
0.2550 
0.2666 
0.2787 
0.2912 
0.3024 
0.3177 


0.98272 
0.98220 
0.98167 
0.98113 
0.98059 
0.98005 
0.97950 
0.97894 
0.97838 
0.97781 


60.9 
61.9 
62.9 
63.9 
64.9 
65.9 
66.9 
67.9 
68.9 
69.9 


562.7 
562.1 

561.5 

560.9 

560.3 

559.7 

559.1 

558.5 

558 

557.4 


623.6 

624 

624.4 

624.8 

625.2 

625.6 

626 

626.4 

626.9 

627.3 


0.1359 
0.1419 
0.1481 
0.1545 
0.1611 
0.1680 
0.1752 
0.1826 
0.1902 
0.1981 


7.356 
7.046 
6.752 
6.473 
6.206 
5.951 
5.709 
5.478 
5.258 
5.049 


71 
72 
73 
74 
75 
76 
77 
78 
79 
80 


0.3317 
0.3463 
0.3613 
0.3769 
0.3931 
0.4098 
0.4272 
0.4451 
0.4637 
0.4829 


0.97723 
0.97666 
0.97607 
0.97548 
0.97489 
0.97429 
0.97368 
0.97307 
0.97245 
0.97183 


70.9 

71.9 

72.9 

73.9 

74.9 

75.9 

76.9 

77.9 

78.9 

80 


556.8 

556.2 

555.6 

555 

554.4 

553.8 

553.2 

552.6 

552 

551.3 


627.7 
628.1 
628.5 
628.9 
629.3 
629.7 
630.1 
630.5 
630.9 
631.3 


0.2062 
0.2146 
0.2234 
0.2324 
0.2418 
0.2514 
0.2614 
0.2717 
0.2823 
0.2933 


4.849 
4.658 
4.476 
4.302 
4.136 
3.977 
3.826 
3.681 
3.543 
3.410 


81 
82 
83 
84 
85 
86 
87 
88 
89 
90 


0.5028 
0.5234 
0.5447 
0.5667 
0.5894 
0.6129 
0.6372 
0.6623 
0.6882 
0.7149 


0.97121 
0.97057 
0.96994 
0.96930 
0.96865 
0.96800 
0.96734 
0.96668 
0.96601 
0.96534 


81 
82 
83 
84 
85 
86 
87 
88 
89 
90 


550.7 

550.1 

549.5 

548.8 

548.2 

547.6 

547 

546.4 

545.7 

545.1 


631.7 

632.1 

632.5 

632.8 

633.2 

633.6 

634 

634.4 

634.7 

635.1 


0.3046 
0.3162 
0.3282 
0.3406 
0.3534 
0.3666 
0.3802 
0.3942 
0.4086 
0.4235 


3.283 
3.162 
3.047 
2.936 
2.830 
2.728 
2.630 
2.537 
2.447 
2.361 


91 
92 
93 
94 
95 
96 
97 

98 
i  99 

100 


0.7425 
0.7710 
0.80C4 
0.8307 
0.8619 
0.8942 
0.9274 
0.9616 
0.9969 
1.0332 


0.96467 
0.96399 
0.96330 
0.96261 
0.96192 
0.96122 
0.96051 
0.95981 
0.95909 
0.95838 


91 
92 
93 
94 
95 
96 
97 
98 
99 
100 


544.5 

534.9 

543.3 

542.7 

542 

541.4 

540.8 

540.2 

539.5 

538.9 


635.5 

635.9 

636.3 

636.7 

637 

637.4 

637.8 

638.2 

638.5 

638.9 


0.4388 
0.4545 
0.4707 
0.4873 
0.5045 
0.5221 
0.5402 
0.5588 
0.5780 
0.5977 


2.279 
2.200 
2.124 
2.051 
1  .981 
1  .914 
1  .851 
1  .789 
1  .730 
1.673 
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t 


101 
102 
103 
104 
105 
106 
107 
108 
109 
110 


1.0707 
1.1092 
1.1489 
1.1898 
1.2318 
1.2751 
1.3196 
1.3654 
1.4125 
1.4609 


0.0375 
0.0760 
0.1157 
0.1566 
0.1986 
0.2419 
0.2864 
0.3322 
0.3793 
0.4277 


101 

102 

103.1 

104.1 

105.1 

106.1 

107.1 

108.1 

109.1 

110.1 


538.3 

537.6 

536.9 

536.2 

535.6 

535 

534.3 

533.6 

533 

532.4 


639.3 

639.6 

640 

640.3 

640.7 

641.1 

641.4 

641.7 

642. 1 

642.5 


0.6179 
0.6387 
0.6601 
0.6820 
0.7045 
0.7276 
0.7514 
0.7758 
0.8008 
0.8265 


1  .618 
1  .565 
1  .515 
1  .466 
1  .419 
1  .374 
1  .331 
1  .289 
1  .249 
1  .210 


111 
112 
113 
114 
115 
116 
117 
118 
119 
120 


1.5106 
1.5618 
1.6144 
1.6684 
1.7239 
1.7809 
1.8394 
1.8995 
1.9612 
2.0245 


0.4774 
0.5286 
0.5812 
0.6352 
0.6907 
0.7477 
0.8062 
0.8663 
0.9280 
0.9913 


111.1 

112.1 

113. 

114. 

115. 

116. 

117. 

118. 

119.2 

120.3 


531.8 
531.1 
530.4 
529.7 
529.1 
528.4 
527.8 
527.1 
526.4 
525.7 


642.9 

643.2 

643.6 

643.9 

644.3 

644.6 

645 

645.3 

645.6 

646 


0.8528 

0.8798 

0.9075 

0.9359 

0.9650 

0.9947 

1.026 

0.057 

1  .089 

1  .122 


1  .173 
1  .137 
1  .102 
1  .068 
1  .036 
.1.005 
0.9752 
0.9462 
0.9183 
0.8914 


121 
122 
123 
124 
125 
126 
127 
128 
129 
130 


2.0895 
2.1561 
2.2245 
2.2947 
2.3666 
2.4404 
2.5160 
2.5935 
2.6730 
2.7544 


1.0563 
1.1229 
I  .1913 
2615 
3334 
4072 
4828 
1  .5603 
1  .6398 
1  .7212 


121.3 
122.3 
123.3 
124.3 
125.3 
126.4 
127.4 
128.4 
129.4 
130.4 


525.1 
524.4 
523.7 
523.1 
522.4 
521.6 
520.9 
520.3 
519.6 
518.9 


646.4 

646.7 

647 

647.4 

647.7 

648 

648.3 

648.7 

649 

649.3 


1  .156 

1  .190 

1  .225 

1  .262 

1.299 

1.337 

1.376 

1.415 

1.455 

1.496 


0.8655 
0.8404 
0.8161 
0.7927 
0.7701 
0.7482 
0.7271 
0.7068 
0.6871 
0.6680 


131 
132 
133 
134 
135 
136 
137 
138 
139 
140 


2.8378 

2.9233 

3.011 

3.101 

3.192 

3.286 

3.382 

3.481 

3.582 

3.685 


1  .8046 

1  .8901 

1  .978 

2.068 

2.159 

2.253 

2.349 

2.448 

2.549 

2.652 


131.4 
132.5 
133.5 
134.5 
135.5 
136.6 
137.6 
138.6 
139.6 
140.6 


518.2 

517.4 

516.7 

516 

515.3 

514.6 

513.9 

513.3 

512.6 

511.9 


649.6 
649.9 
650.2 
650.5 
650.8 
651.2 
651.5 
651.9 
652.2 
652.5 


1.539 
1.583 
1  .628 
1  .673 
1  .719 
1  .767 
1  .815 
1  .864 
1.915 
1.967 


0.64% 
0.6318 

0.6146 
0.5979 
0.5817 
0.5661 
0.5510 
0.5363 
0.5221 
0.5084 


141 
142 
143 
144 
145 
146 
147 
148 
149 
150 


3.790 
3.898 
4.009 
4.122 
4.237 
4.355 
4.476 
4.559 
4.725 
4.854 


2.757 
2.865 
2.976 
3.089 
3.204 
3.322 
3.443 
3.566 
3.692 
3.821 


141.7 
142.7 
143.7 
144.8 
145.8 
146.8 
147.8 
148.9 
149.9 
150.9 


511.1 

510.4 

509.7 

508.9 

508.2 

507.5 

506.8 

506 

505.3 

504.6 


652.8 

653.1 

653.4 

653.7 

654 

654.3 

654.6 

654.9 

655.2 

655.5 


2.020 

2.074 

2.129 

2.185 

2.243 

2.302 

2.362 

2.423 

2.485 

2.548 


0.4951 
0.4823 
0.4698 
0.4577 
0.4459 
0.4345 
0.4235 
0.4128 
0.4024 
0.3924 
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71 

P 

P 

( 

T 

A 

01 

y 

5 

3.967 

151.11 

152.1 

503.7 

655.8 

2.621 

0.3816 

5.5 

4.467 

154.71 

155.8 

501.1 

656.9 

2.867 

0.3488 

6 

4.967 

158.08 

1  J7.  J 

498.5 

657.8 

3.112 

0  3213 

6  5 

U..7 

5.467 

161.21 

169  5 

496.1 

658.6 

3.356 

0  2980 

7 

5.967 

164.17 

165  6 

493  8 

^ry  o  .o 

659.4 

3  600 

0  9778 

7  S 

6.467 

166  96 

lUO.J 

'-ry  1  .U 

660.1 

3.842 

\J.jL\J\JJ 

8 

6.967 

169.61 

171  1 

489.5 

660.8 

4.085 

0.2448 

8.5 

7.467 

172.12 

173.9 

487.5 

661.4 

4.327 

0  93 1  1 

9 

7.967 

174  53 

176.4 

485.6 

662 

4.568 

0.2189 

y  .u 

8.467 

176  83 

L  /  U.OJ 

178  9 

483.6 

662.5 

4.809 

0  2080 

10 

8.967 

179.04 

181.2 

481.8 

663 

5.049 

0.1981 

10.5 

9.467 

181.16 

183.4 

480.1 

663.5 

5.290 

0.1891 

11 

9.967 

183.20 

185.6 

478.3 

663.9 

5.530 

0.1808 

11.5 

10.467 

185.17 

187.7 

476.6 

664.3 

5.770 

0. 1733 

12 

10.967 

187.08 

189.7 

475 

664.7 

6.010 

0.1664 

1?  5 

1 1.467 

188.92 

191.6 

473.5 

'  665.1 

6.249 

0.1600 

13 

11 .967 

190.71 

193  5 

All. 9 

665.4 

6.488 

0.1541 

13  5 

12.467 

192.45 

195  3 

l  yj .  j 

470.4 

665.7 

6.728 

0  1486 

14 

12.967 

194.13 

197.1 

468.9 

666 

6.967 

0  1435 

14.5 

13.467 

195.77 

198.9 

467.4 

666.3 

7.207 

0.1388 

15 

13.967 

197.36 

200.6 

466 

666.6 

7.446 

0.1343 

16 

14.967 

200.43 

203.9 

463.2 

667.1 

7.925 

0.1262 

17 

15.967 

203.35 

207.1 

460.4 

667.5 

8.405 

0.1190 

18 

16.967 

206.14 

210.1 

457.8 

667.9 

8.886 

0.1126 

19 

17.967 

208.81 

213 

455.2 

668.2 

9.366 

0.1068 

20 

18.967 

211.38 

215.8 

452.7 

668.5 

9.846 

0.1016 

21 

19.967 

213.85 

218.5 

450.2 

668.7 

10.33  . 

0  09682 

22 

20.967 

216.23 

221.2 

447.7 

668.9 

10.81 

0  09251 

23 

21.967 

218.53 

223.6 

445.5 

669.1 

11.29 

0  08856 

24 

22.967 

990  75 

226.1 

443.2 

669  3 

11.78 

0  08492 

25 

23.967 

222.90 

228.5 

440.9 

669.4 

12.26 

0.08157 

26 

24.967 

224.99 

230.8 

438.7 

669.5 

12.75 

0.07846 

27 

95  967 

j^^j  .  y\j  i 

997  01 

933 

436  6 

669  6 

13  23 

0  07557 

28 

26.967 

998  98 

235  2 

434.4 

669.6 

13.72 

0  07288 

29 

27.967 

930  89 

237.4 

432.3 

669.7 

14.21 

0  07037 

30 

28.967 

232.76 

239  5 

430.2 

669.7 

14.70 

0  06802 

32 

30.967 

936  35 

243  6 

426.1 

669.7 

15.69 

0  06375 

34 

32.967 

247.5 

422.1 

669.6 

16.68 

yj.yj^jyy^j 

36 

34.967 

243.04 

251.2 

418.3 

669.5 

17.68 

0  05658 

40 

38.967 

949  IS 

958  9 

410.8 

669 

19.69 

0  05078 

45 

43.967 

256.23 

266.5 

401.7 

668.2 

22.25 

0.04495 

50 

48.967 

262.70 

274.2 

393.1 

667.3 

24.85 

0.04024 

60 

58.967 

274.29 

288.4 

376.6 

665 

30.21 

0.03310 

80 

78.967 

293.62 

312.6 

346.3 

658.9 

41.60 

0.02404 

100 

98.967 

309.53 

334 

317.1 

651.1 

54.21 

0.01845 

150 

148.967 

340.56 

381.7 

243.2 

624.9 

93.90 

0.01065 

200 

198.967 

364.08 

431.4 

150.7 

582.1 

161.2 

0.00620 

225.6 

224.567 

374.15 

501.5 

0 

501.5 

315 

0.00318 
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TABLE  41.1  B 


PROPERTIES  OF  DRY  SATURATED  STEAM  (BRITISH  UNITS) 


t     =  temperature,  in°F 

p    =  absolute  pressure  of  the  steam,  in  p.s.i.a. 
p'  =  gauge  pressure  of  the  steam,  in  p.s.i.g. 
d    =   density  of  water  at  /°F,  in  lb./cu.ft. 
q    =   sensible  heat  to  raise  1  lb.  of  water  from 
32  to  t°F,  in  B.T.U./lb. 


r    =  latent  heat  of  vaporisation  of  water  at 

f°F,  in  B.T.U./lb. 
X    =  q  +  r  =  total  heat  of  1  lb.  of  water  at  t°F 
w    =  density  of  vapour  at  t°¥,  in  lb./cu.ft. 
v    =  specific  volume  of  vapour  at  t  °F,  in 

cu.ft./lb. 


t 

P 

j 
a 

1 

r 

v 
A 

w 

V 

32 

0.0886 

62.420 

0 

1075 

1075 

0.000303 

3305 

40 

0.1271 

62.428 

8 

1071.3 

1079.3 

0.000409 

2445 

50 

0.1780 

62.411 

18.1 

1064.9 

1083 

0.000587 

1705 

60 

0.2563 

62.368 

28.1 

1059.3 

1087.4 

0.000828 

1208 

62 

0.2751 

62.357 

30.1 

1058.2 

1088.3 

0.000886 

1130 

64 

0.2951 

62.344 

32.1 

1057.1 

1089.2 

0.000947 

1057 

66 

0.3163 

62.331 

34.1 

1056 

1090.1 

0.001011 

989.2 

68 

0.3389 

62.318 

36.1 

1054.8 

1090.9 

0.001079 

926.5 

70 

0.3630 

62.303 

38.1 

1053.7 

1091.8 

0.001152 

868.4 

72 

0.3886 

62.287 

40.1 

1052.6 

1092.7 

0.001228 

814.5 

74 

0.4156 

62.271 

42 

1051.5 

1093.5 

0.001308 

764.6 

76 

0.4444 

62.254 

44 

1050.4 

1094.4 

0.001393 

717.9 

78 

0.4749 

62.235 

46 

1049.2 

1095.2 

0.001483 

674.2 

80 

0.5070 

62.218 

48 

1048.1 

1096.1 

0.001579 

633.5 

82 

0.5411 

62.198 

50 

1046.9 

1096.9 

0.001679 

595.7 

84 

0.5771 

62.178 

52 

1045.8 

1097.8 

0.001785 

560.4 

86 

0.6152 

62.158 

54 

1044.7 

1098.7 

0.001896 

527.5 

88 

0.6556 

62.137 

56 

1043.6 

1099.6 

0.002012 

496.9 

90 

0.6983 

62.113 

58 

1042.5 

1100.5 

0.002135 

468.3 

92 

0.7434 

62.092 

60 

1041.3 

1101.3 

0.002265 

441.5 

94 

0.7910 

62.069 

62 

1040.1 

1102.1 

0.002402 

416.4 

96 

0.8410 

62.045 

64 

1039 

1103 

0.002545 

393 

98 

0.8939 

62.021 

66 

1037.9 

1103.9 

0.002696 

371 

100 

0.9495 

61.995 

68 

1036.8 

1104.8 

0.002853 

350.5 

102 

1.0080 

61.970 

70 

1035.7 

1105.7 

0.003019 

331.2 

104 

1.0696 

61.944 

72 

1034.5 

1106.5 

0.003193 

313.2 

106 

1.1347 

61.917 

74 

1033.4 

1107.4 

0.003376 

296.3 

108 

1.2033 

61.890 

75.9 

1032.2 

1108.2 

0.003567 

280.4 

110 

1.2752 

61.862 

77.9 

1031 

1109 

0.003767 

265.5 

112 

1.3509 

61.833 

79.9 

1029.8 

1109.8 

0.003977 

251.4 

114 

1.4304 

61.804 

81.9 

1028.7 

1110.6 

0.004197 

238.3 

116 

1.5137 

61.775 

83.9 

1027.6 

1111.5 

0.004427 

225.9 

118 

1.6012 

61.745 

85.9 

1026.4 

1112.3 

0.004666 

214.3 

120 

1.6929 

61.714 

87.9 

1025.2 

1113.1 

0.004918 

203.4 

122 

1.789 

61.683 

89.9 

1024.2 

1114.1 

0.005180 

193 

124 

1.890 

61.652 

91.9 

1023.1 

1115 

0.005455 

183.3 

126 

1.996 

61.619 

93.9 

1021.9 

1115.8 

0.005742 

174.2 

128 

2.107 

61.587 

95.9 

1020.8 

1116.7 

0.006042 

165.5 

130 

2.223 

61.554 

97.9 

1019.6 

1117.5 

0.006353 

157.4 
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TABLE  41.1  B  (continued) 


f- 
L 

P 

d 

g 

r 

X 

w 

V 

100 
IjZ 

0  0/1  C 

t — 1  con 

61.521) 

99.9 

1018 . 5 

1118.4 

0.006676 

149.8 

1  0/1 

1j4 

O    /l  TO 

z,.4  IZ 

c\   a  or 
bl.4bo 

iui.y 

1017.4 

1119.3 

0.007016 

142.5 

136 

2.605 

61.452 

103.9 

1016.2 

.  1120.1 

0.007371 

135.7 

138 

2.744 

61.417 

105.9 

1015.1 

1121 

0.007741 

129.2 

1  a  n 
14  U 

O  QQQ 

I — 1    "3  On 
bl.JOZ 

11)/. y 

1  nn  n 

1  1  01  O 

llzl . 0 

0 . 008127 

123.1 

14Z 

J.U41 

I — 1     ~i  A  C 

ol. i4o 

i  nn  n 

iuy.y 

inn  0 

1  1  01  H 
llZZ .  / 

117.3 

144 

ji.zUU 

ca  onn 

111  Q 

111 .  y 

1011.6 

1123.5 

0.008943 

111.8 

146 

3.365 

61.272 

113.9 

1010.4 

1124.3 

0.009375 

106.7 

148 

3.538 

61.235 

115.9 

1009.2 

1125.1 

0.009824 

101.8 

1  cn 
IdU 

"3  71  Q 

~> .  1  ly 

CI    1  QQ 

01 . iyo 

110  0 

11  / .  y 

i  nno 
lUUo 

HOC.  Q 

iizo . y 

n  m  n*0Q 
u . uiuzy 

Q7   1  A 

y /.i4 

Ibz 

O  QfY7 

CI   1  Cn 
Ol . lou 

1 1  Q  0 

iiy .  y 

1  nnc  q 

1 1  OC  7 
IIZO . / 

n  ni H7Q 
U . U1U  /o 

no  HA 

yZ.  /4 

1  c.A 

4  in? 

CI  101 
Ol . 1Z1 

1  01  Q 

izi .  y 

1  noc  7 

1UUO. / 

1 1  07  C 
11Z  /  . 0 

n  m  i  oo 
u .  uiizy 

QQ  R7 
OO.O  / 

156 

4.306 

61.082 

123.9 

1004.5 

1128.4 

0.01182 

84.62 

158 

4.519 

61.043 

125.9 

1003.3 

1129.2 

0.01236 

80.88 

IbU 

/I  O/ll 
4.  /41 

bl . UU3 

1  07  Q 

iz  /  .y 

1  nno  1 
1UUZ . 1 

lion 

IIjU 

u . uizyj 

Ibz 

4.y /U 

bU.ybo 

i  on  0 

Izy.y 

mnn  q 
1UUU . y 

iion  q 
lloU . 0 

U . Uljoz 

/i.y  / 

1d4 

C   01  0 

du . yzz 

101  n 

loi  .y 

QQQ  7 

yyy.  / 

1111  c 

11  jl . b 

n  m  /  n 
(J.U141J 

70. 77 

166 

5.463 

60.881 

133.9 

998.4 

1132.3 

0.01477 

67.73 

168 

5.723 

60.840 

135.9 

997.2 

1133.1 

0.01542 

64.83 

1  hc\ 
1/U 

c;  QQ/I 

bu. /yo 

107  Q 

lo  /  .y 

yyb 

1100  Q 

11 j j . y 

a  m  /"i  i 
(J .  Uloll 

62.08 

1  10 

1  /z 

C  07/1 
O.Z  /4 

bU. /OO 

uy.y 

yy4.es 

tha  7 

n  ni cqi 
U .Ulbol 

by  .4/ 

1  HA 

1  /4 

b.bbb 

cn  "71 0 
bU . /Iz 

1/11  Q 

i4i .  y 

QQO.  C 

yyj.b 

1 1  oc  c 
11 j j . o 

n  ni 7c  c 

ob.yy 

176 

6.868 

60.669 

143.9 

992.3 

1136.2 

0.01831 

54.62 

178 

7.184 

60.626 

145.9 

99U 

1137 

0.01909 

52.37 

180 

1    CI  O 

/ .biz 

rr\  CQO 

1/17  Q 

14 /.y 

QQQ  Q 

yyy.y 

1107  Q 
113  /  . 0 

n  ni  QQn  "*■ 

u . uiyyu 

cin  n/i 
b(J.z!4 

182 

n  ocn 
/  .obz 

/rn  COQ 

1/10  Q 

i4y.y 

QQQ  c 

yoo.b 

1  1  OQ  C 
llOO . 3 

n  non7/i 
U .  VZU  /4 

AQ  01 

4o.Zl 

1  Q/l 

104 

Q  OCA. 

1  CI  Q 

101 .  y 

QQ7  A 

yof  .4 

1 1  0Q  0 

iijy . O 

n  noi  ci 
U . Uzlbl 

AC  07 
4D  .Z  / 

186 

8.569 

60.448 

153.9 

986.1 

U40.1 

0.02252 

44.41 

188 

8.948 

60.403 

155.9 

984.9 

1140.8 

0.02345 

42.65 

iyu 

Q  0/11 

y .  341 

bU. Jo/ 

ICQ 
iDO 

QQO  7 

yob.  / 

11/11  c 
1141 . b 

n  no/i  /1 1 
U .  Uz!441 

/in  oc 
4U.yb 

1  QO 

iyz 

Q  r7/lr7 

y .  /4  / 

£n  oil 
bU.Jll 

1  CD 
loU 

QQO  A 

1 1  AO  A 

n  nocvll 
U .  UZD4J. 

OQ  OC 

$y  .Jb 

1  OA 

iy4 

in  1  cq 
1U. loo 

OU.ZC4 

1  CO 
lOZ 

QQi  n 

yoi.z 

1  1  AO  1 
ll^J . 1 

n  nocyi/i 

U  .Uz,b44: 

07  QO 

J  /  .oz 

196 

10.606 

60.217 

164 

979.9 

1143.9 

0.02750 

36.36 

198 

11.059 

60.170 

166 

978.7 

1144.7 

0.02860 

34.97 

200 

11.528 

60.123 

168 

977.5 

1145.4 

0.02973 

33.64 

202 

12.013 

60.075 

170 

976.2 

1146.2 

0.03090 

32.36 

204 

12.514 

60.026 

172 

975 

1147 

0.03211 

31.14 

206 

13.034 

59.977 

174 

973.7 

1147.8 

0.03335 

29.99 

208 

13.569 

59.928 

176 

972.5 

1148.5 

0.03463 

28.88 

210 

14.124 

59.879 

178 

971.3 

1149.3 

0.03595 

27.82 
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TABLE  41.1  B  (continued) 


f 

p 

P' 

q 

r 

X 

w 

V 

212 

14.696 

59.830 

180.1 

970 

1150.1 

0.03731 

26.80 

214 

15.290 

0.594 

182.1 

968.8 

1150.9 

0.03872 

25.83 

216 

15.902 

1.206 

184.1 

967.4 

1151.5 

0.04017 

24.89 

218 

16.535 

1.839 

186.1 

966 

1152.1 

0.04166 

24 

220 

17.189 

2.493 

188.1 

964.7 

1152.8 

0.04320 

23.15 

222 

17.863 

3.167 

190.2 

963.5 

1153.7 

0.04478 

22.33 

224 

18.559 

3.863 

192.2 

962.2 

1154.4 

0.04641 

21.55 

226 

19.275 

4.579 

194.2 

960.8 

1155 

0.04809 

20.79 

228 

20.016 

5.320 

196.2 

959.2 

1155.7 

0.04982 

20.07 

230 

20.779 

6.083 

198.2 

958.3 

1156.5 

0.05160 

19.38 

232 

21.567 

6.871 

200.2 

957.1 

1157.3 

0.05343 

18.72 

234 

22.380 

7.684 

202.3 

955.7 

1158 

0.05531 

18.08 

236 

23.218 

8.522 

204.3 

954.3 

1158.6 

0 . 05724 

17.47 

238 

24.081 

9.385 

206.3 

953 

1159.3 

0.05923 

16.88 

240 

24.970 

10.274 

208.3 

951.7 

1160 

0.06127 

16.32 

242 

25.885 

11.189 

210.4 

950.4 

1160.8 

0.06337 

15.78 

244 

26.828 

12.132 

212.4 

949.1 

1161.5 

0.06553 

15.26 

-246 

27.797 

13.101 

214.4 

947.7 

1 162.1 

0.06775 

14.76 

248 

28.795 

14.099 

216.5 

946.3 

1162.8 

0.07003 

14.28 

250 

29.825 

15.129 

218.5 

945 

1163.5 

0.07236 

13.82 

252 

30.883 

16.187 

220.5 

943.6 

1164.1 

0.07476 

13.38 

254 

31.973 

17.277 

222.5 

942.3 

1164.8 

0.07723 

12.95 

256 

33.093 

18.397 

224.6 

940.9 

1165.5 

0.07976 

12.54 

258 

34.244 

19.548 

226.6 

939.5 

1166.1 

0.08237 

12.14 

260 

35.427 

20.731 

228.6 

938.1 

1166.7 

0.08504 

11.76 

262 

36.643 

21.947 

230.7 

936.8 

1167.5 

0.08776 

11.39 

264 

37.893 

23.197 

232.7 

935.4 

1168.1 

0.09057 

11.04 

266 

39.177 

24.481 

234.7 

934 

1168.7 

0.09345 

10.70 

268 

40.496 

25.800 

236.8 

932.6 

1169.4 

0.09640 

10.37 

270 

41.851 

27.155 

238.8 

931.1 

1169.9 

0.09941 

10.06 

272 

43.250 

28.554 

240.9 

929.6 

1170.5 

0.1025 

9.756 

274 

44.680 

29.984 

242.9 

928.2 

1171.1 

0.1057 

9.462 

276 

46.143 

31.447 

245 

926.8 

1171.8 

0.1089 

9. 179 

278 

47.650 

32.954 

247.1 

925.4 

1172.5 

0.1123 

8.907 

280 

49.200 

34.504 

249.1 

924.1 

1173.2 

0.1157 

8.643 

282 

50.790 

36.094 

251.1 

922.7 

1173.8 

0.1192 

8.389 

284 

52.420 

37.724 

253.2 

921.3 

1174.5 

0.1228 

8.144 

286 

54.080 

39.384 

255.2 

919.8 

1175 

0.1264 

7.908 

288 

55.800 

41.1J04 

257.3 

918.4 

1175.7 

0.1302 

7.681 

290 

57.555 

42.859 

259.3 

917 

1176.3 

0.1340 

7.461 

292 

59.355 

44.659 

261.4 

915.5 

1176.9 

0.1380 

7.247 

294 

•  61.200 

46.504 

263.4 

914.1 

1177.5 

0.1420 

7.040 

296 

63.090 

48.394 

265.5 

912.7 

1178.2 

0.1462 

6.841 

298 

65.025 

50.329 

267.6 

911.2 

1178.8 

0.1504 

6.650 

300 

67.006 

52.310 

269.6 

909.7 

1179.3 

0.1547 

6.464 
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74.7 
84.7 
94.7 
104.7 
114.7 


60 
70 
80 
90 
100 


307.33 
316.05 
323.92 
331.17 
337.89 


277.2 
286.2 
294.4 
301.8 
308.9 


904.3 
897.7 
891.6 
886.1 
880.6 


1181.5 
1183.9 
•  1186 

1187.9 
1189.5 


0 . 1714 
0.1929 
0.2143 
0.2357 
0.2570 


5.836 
5.184 
4.666 
4.244 
3.892 


124.7 
134.7 
144.7 
154.7 
164.7 


110 
120 
130 
140 
150 


344.16 
350.05 
355.59 
360.85 
365.85 


315.4 
321.5 
327.5 
333.1 
338.4 


875.6 
870.8 
866.2 
861.7 
857.5 


1191 

1192.3 

1193.7 

1194.8 

1195.9 


0.2781 
0.2993 
0.3204 
0.3415 
0.3626 


3.596 
3.341 
3.121 
2.928 
2.758 


174.7 
184.7 
194.7 
204.7 
214.7 


160 
170 
180 
190 
200 


370.61 
375.18 
379.55 
383.75 
387.78 


343.4 
348.2 
352.8 
357.3 
361.7 


853.5 
849.5 
845.7 
841.9 
838.3 


1196.9 
1197.7 
1198.5 
1199.2 
1200 


0.3836 
0.4046 
0.4256 
0.4467 
0.4677 


2.607 
2.472 
2.349 
2.239 
2.138 


224.7 
234.7 
244.7 
254.7 
264.7 


210 
220 
230 
240 
250 


391.67 
395.44 
399.06 
402.59 
406 


365.9 
369.9 
373.9 
377.7 
381.3 


834.7 
831.2 
827.8 
824.5 
821.2 


1200.6 
1201.1 
1201.7 
1202.2 
1202.5 


0.4887 
0.5098 
0.5308 
0.5519 
0.5730 


2.046 
1.962 
1.884 
1.812 
1.745 


274.7 
284.7 
294.7 
304.7 
314.7 


260 
270 
280 
290 
300 


409.32 
412.56 
415.70 
418.75 
421.74 


385 

388.5 

391.9 

395.3 

398.7 


817.9 
814.8 
811.6 
808.4 
805.4 


1202.9 
1203.3 
1203.5 
1203.7 
1204.1 


0.5941 
0.6151 
0.6362 
0.6575 
0.6785 


1.683 
1.626 
1.572 
1.521 
1.474 


334.7 
354.7 
374.7 
394.7 
414.7 


320 
340 
360 
380 
400 


427.49 
432.98 
438.24 
443.28 
448.13 


405 

411 

416.8 

422.4 

427.9 


799.6 
793.9 
788.4 
782.9 
777.6 


1204.6 
1204.9 
1205.2 
1205.3 
1205.5 


0.7209 
0.7634 
0.8060 
0.8489 
0.8919 


1.387 
1.310 
1.241 
1.178 
1.121 


514.7 
614.7 
714.7 
8)4.7 
1,014.7 

1,214.7 
1,514.7 
2,014.7 
3,014.7 

3,207.4 


500 
600 
700 
800 
1,000 

1,200 

1,500 
2,000 
3,000 
3,193 


470 

488.8 

505.41 

520.33 

546.37 

568.75 
597.50 
636.82 
696.08 
705.47 


452.8 
474.6 
494.2 
512.3 
544.7 

573.6 

613 

673 

805.7 

902.7 


752.3 
728.8 
706.8 
685.9 
646.3 

608.7 
554 
461 
209.3 
0 


1205.1 

1203.4 

1201 

1198.2 

1191 

1182.3 
1167 
1134 
1015 
902.7 


1.109 
1.332 
1.559 
1.793 
2.281 

2.801 
3.660 
5.377 
11.930 
19.660 


0.9016 
0.7509 
0.6412 
0.5576 
0.4383 

0.3570 
0.2732 
0.1860 
0.0838 
0.0509 
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TABLE  41.2 

MEAN  SPECIFIC  HEAT  OF  SUPERHEATED  STEAM 

(Knoblauch  and  Jakob) 

This  table  gives  the  mean  specific  heat  c  of  steam  between  its  saturation  temperature  t  and  the  final  temperature 
of  superheat  T  (metric  units).  This  mean  specific  heat  permits  of  calculation  of  the  total  heat  in  the  superheated 
steam,  A: 

A  =  X  +  c  (T  -  t)  (41.1) 

c  =  mean  specific  heat  of  the  steam,  at  constant  pressure,  between  t  and  T°C 

t  =  saturation  temperature  of  the  steam  at  the  pressure  p,  in  °C 

T  =  final  temperature  of  the  superheated  steam,  in  °C 

X  =  total  heat  of  the  saturated  steam  at  pressure  p,  in  kcal/kg 

A  =  total  heat  of  the  superheated  steam  at  T°  and  pressure/?,  in  kcal/kg 

p  =  absolute  pressure  of  the  steam,  in  kg/cm-2 

Co  =  specific  heat  of  saturated  steam  at  pressure  p 


p 

1 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

25 

30 

p' 

0 

1 

3 

5 

7 

9 

11 

13 

15 

17 

19 

24 

29 

t 

99 

120 

143 

158 

170 

179 

187 

194 

200 

206 

211 

223 

233 

Co 

0.487 

0.501 

0.528 

0.555 

0.584 

0.613 

0.642 

0.670 

0.699 

0.729 

0.760 

0.848 

0.940 

T 

c 

C 

c 

C 

c 

C 

c 

C 

c 

c 

C 

C 

c 

120 

0.483 

140 

0.480 

0.496 

160 

0.478 

0.491 

0.521 

180 

0.476 

0.488 

0.515 

0.544 

0.576 

200 

0.475 

0.486 

0.509 

0.534 

0.561 

0.590 

0.623 

0.660 

220 

0.475 

0.485 

0.505 

0.526 

0.548 

0.572 

0.599 

0.629 

0.661 

0.697 

0.738 

240 

0.474 

0.484 

0.501 

0.519 

0.538 

0.558 

0.580 

0.605 

0.631 

0.660 

0.694 

0.783 

0.898 

260 

0.474 

0.483 

0.499 

0.514 

0.530 

0.548 

0.567 

0.588 

0.610 

0.634 

0.660 

0.729 

0.808 

280 

0.474 

0.482 

0.497 

0.510 

0.525 

0.540 

0.556 

0.575 

0.594 

0.615 

0.637 

0.692 

0.752 

300 

0.474 

0.482 

0.496 

0.508 

0.521 

0.534 

0.548 

0.565 

0.582 

0.600 

0.619 

0.665 

0.714 

320 

0.475 

0.482 

0.495 

0.505 

0.5!7 

0.530 

0.543 

0.558 

0.572 

0.589 

0.606 

0.645 

0.685 

340 

0.476 

0.382 

0.494 

0.504 

0.515 

0.527 

0.538 

0.552 

0.565 

0.580 

0.596 

0.630 

0.565 

360 

0.477 

0.483 

0.494 

0.504 

0.514 

0.524 

0.535 

0.548 

0.560 

0.574 

0.587 

0.617 

0.647 

380 

0.478 

0.483 

0.494 

0.503 

0.512 

0.522 

0.533 

0.545 

0.556 

0.568 

0.580 

0.607 

400 

0.484 

0.494 

0.503 

0.511 
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TABLE  41.3 

TOTAL  HEAT  OF  SUPERHEATED  STEAM 

(Izart1  -  after  Mollier) 

This  table  gives  the  total  heat  A  of  eqn.  (41.1)  using  the  same  nomenclature,  p'  =  corresponding  approximate 
gauge  pressure,  in  kg/cm2 


A.  METRIC  UNITS 


p 

p' 

T°C 

9 
8 

11 
10 

13 
12 

._ 

17 
16 

21 
20 

26 
25 

31 
30 

41 
40 

51 
50 

61 
60 

200 

677.5 

674.9 

671.8 

210 

683 

680.8 

678.2 

672.5 

220 

688.4 

686.3 

684 

679.2 

673.7 

230 

693.5 

691.6 

689.6 

685.3 

680.6 

673.8 

240 

698.7 

697 

695.2 

691.3 

687.2 

681.2 

674.6 

250 

703.8 

702.2 

700.6 

697 

693.2 

688:1 

682.4 

260 

709 

707.5 

706 

702.7 

699.2 

694.6 

689.6 

677.8 

270 

714 

712.6 

711.2 

708.1 

705 

700.8 

696.3 

686.1 

673.6 

280 

719 

717.7 

716.3 

713.5 

710.6 

706.8 

702.8 

693.6 

682.8 

670.1 

290 

724.1 

722.8 

721.5 

718.9 

716.2 

712.7 

709 

700.7 

691.3 

680.3 

300 

729.2 

727.9 

726.7 

724.3 

721.8 

718.4 

715 

707.5 

699.1 

689.5 

310 

734.3 

733.1 

731.9 

729.6 

727.2 

724.1 

721 

714.1 

706.5 

698 

320 

739.3 

738.2 

737.1 

734.8 

732.6 

729.7 

726.8 

720.4 

713.5 

705.8 

330 

744.3 

743.2 

742.2 

740 

737.9 

735.2 

732.5 

726.6 

720.2 

713.3 

340 

749.4 

748.4 

747.4 

745.4 

743.4 

740.8 

738.2 

732.7 

726.7 

720.5 

350 

754.4 

753.5 

752.5 

750.6 

748.7 

746.3 

743.7 

738.5 

733 

727.2 

360 

759.4 

758.5 

757.6 

755.8 

754 

751.7 

749.3 

744.3 

739.2 

733.8 

370 

764.5 

763.7 

762.8 

761.1 

759.3 

757.1 

754.9 

750.1 

745.4 

740.4 

380 

769.6 

768.7 

767.9 

766.2 

764.6 

762.5 

760.3 

755.9 

751.5 

746.8 

390 

774.6 

773.8 

773 

771.4 

769.8 

767.8 

765.7 

761.6 

757.4 

753 

400 

779.6 

778.9 

778.1 

776.6 

775.1 

773.1 

771.2 

767.3 

763.2 

759.1 

410 

784.8 

784.1 

783.3 

781.9 

780.4 

778.6 

776.7 

772.9 

769.1 

765.2 

420 

789.9 

789.2 

788.5 

787.1 

785.7 

783.9 

782.1 

778.5 

774.8 

771.1 

430 

795 

794.3 

793.6 

792.3 

790.9 

789.2 

787.5 

784.1 

780.5 

777 

440 

800.1 

799.4 

798.8 

797.5 

796.2 

794.6 

792.9 

789.7 

786.2 

783 

450 

805.2 

804.5 

803.9 

802.7 

801.4 

799.9 

798.3 

795.2 

792 

788.8 

460 

810.2 

809.6 

809 

807.8 

806.6 

805.1 

803.6 

800.6 

797.5 

794.5 

470 

815.3 

814.8 

814.2 

813 

811.9 

810.4 

809 

806.1 

803.2 

800.2 

480 

820.5 

820 

819.4 

818.3 

817.2 

815.8 

814.4 

811.6 

808.8 

806 

490 

825.7 

825.2 

824.6 

823.6 

822.5 

821.2 

819.8 

817.1 

814.5 

811.7 

500 

838.8 

830.3 

829.7 

828.8 

827.7 

826.4 

825.2 

822.6 

820 

817.4 

510 

836 

835.5 

835 

834.1 

833 

831.8 

830.6 

828.1 

825.5 

823 

520 

841.2 

840.7 

840.2 

839.3 

838.3 

837.1 

835.9 

833.5 

831 

828.6 

530 

846.4 

846 

845.5 

844.6 

843.7 

842.6 

841.4 

839 

836.6 

834.4 

540 

851.6 

851.2 

850.8 

849.9 

849 

847.9 

846.8 

844.5 

842.2 

840 

550 

856.8 

856.4 

856 

855.1 

854.3 

853.2 

852.1 

849.9 

847.8 

845.6 
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B.  BRITISH  UNITS  (A  IN  B.T.U./lb.) 


Ch. 


T°F 


P  P 

(p.s.i.a.)  (p.s.i.g.j 


100 


500 


600 


700 


800 


900 


1000 


114.7 

100 

1226.0 

1277.0 

1327.6 

1378.0 

1428.0 

1479.6 

1531.0 

134.7 

120 

1223.0 

1275.7 

1326.3 

1376.8 

1427.6 

1478.8 

1530.6 

154.7 

140 

1219.8 

1273.6 

1324.8 

1375.8 

1426.8 

1478.1 

1530.1 

174.7 

160 

1216.2 

1271.7 

1323.3 

1374.6 

1425.8 

1477.4 

1529.6 

194.7 

180 

1212.6 

1269.6 

1321.9 

1373.6 

1425.1 

1476.7 

1528.9 

214.7 

200 

1208.7 

1267.6 

1320.4 

1372.5 

1424.3 

1475.9 

1528.4 

264.7 

250 

1262.3 

1316.9 

1369.7 

1422.0 

1474.3 

1526.9 

314.7 

300 

1256.7 

1313.1 

1367.0 

1419.8 

1472.5 

1525.6 

364.7 

350 

1250.9 

1309.3 

1364.1 

1417.6 

1470.8 

1524.1 

414.7 

400 

1244.8 

1305.5 

1361.4 

1415.4 

1469.1 

1522.7 

464.7 

450 

1238.0 

1301.4 

1358.4 

1413.2 

1467.2 

1521.3 

514.7 

500 

1230.8 

1297.4 

1355.5 

1411.0 

1465.5 

1520.1 

614.7 

600 

1214.5 

1288.8 

1349.6 

1406.6 

1462.0 

1517.0 

814.7 

800 

1269.8 

1337.3 

1397.5 

1454.9 

1511.3 
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TABLE  41.4  A 

SPECIFIC  VOLUME  OF  SUPERHEATED  STEAM  (METRIC  UNITS) 

absolute  pressure  of  the  steam,  in  kg/cm3 

approximate  gauge  pressure  of  steam,  in  kg/cm2 

corresponding  saturation  temperature  at  p,  in  °C 

temperature  of  the  superheated  steam,  in  °C 

specific  volume  of  steam  at  T°C  and  pressure  p,  in  mVkg 

Sp.  vol.  v  in  m3/kgat  a  temperature  T  (°C)  of: 


p 

t  c 

/ 

ISO 

1AA 

200 

1  CA 

250 

500 

350 

A  f\f\ 

450 

500 

1 
1 

u 

OO  1 

99 .1 

1  TIC 

1.725 

1.976 

2.215 

1  A  CO 

2.453 

2.691 

1  AT7 

2.92/ 

1  1  CA 

3.164 

1  A  A  A 

3.400 

3.636 

1 

z 

i 

i  in  /; 

119.6 

a  aai 
0.902 

A  AOA 

0.980 

1     1  AT 

1,  luz 

1  TOO 

1.222 

1  O/IO 

1.342 

1  ACW 

1.461 

1  COA 

1.350 

1  CCiO 

1.698 

l.o  16 

i 
J 

o 

2 

1  OO  O 

Uz  .9 

0.61  / 

0.64/ 

A  11 1 

0./31 

A  0  11 

0.512 

a  Qm 
U.892 

A  ATI 

0.9/2 

1  AC1 

1.052 

1.131 

1  11  A 

1.210 

A 
4 

o 
J 

1  /10  o 

i4z.y 

a  a  n  1 
0.4/1 

A  A  O  1 

0.4ol 

A  C./1  C 

0.545 

A  CC\H 

0.60/ 

U.OOo 

A  TIO 

0.  i lo> 

A  TOO 

U.  /oo 

A  o  An 

0.84/ 

A  AA1 

0.90/ 

C 

J 

4 

1  <  1  1 

Ijl  .1 

OJoz 

Cl  A1A 

0.434 

A  A  0/1 

0.4o4 

U.033 

a  roi 

O.joI 

U.029 

A  £nn 
U.O/  / 

A  T1  C 

0.725 

C 

0 

c 

J 

1  CO  1 

Do  .1 

A  21 1 

0.321 

A  1  C.A 

0.359 

A  /I  AO 

0.402 

A  /I  A  O. 

U.443 

0.4o4 

A  Cl  A 

U.J04 

A  /T  A  /1 

0.604 

n 
I 

6 

104 .2 

A  1TO 
0.2/8 

0.506 

0.343 

a  ooa 
U.3  /9 

A  A  1  A 

0.414 

A  A  A  O 
(J.445 

A  A  OO 

U.4o3 

A  C  1  H 

0.51  / 

o 
0 

/ 

169.0 

a  i  -i  c 
0.245 

O.Zo/ 

a  onn 
0.299 

U.33U 

A  1£1 

0.361 

A  OA1 

A  /(OO 

U.422 

A   A  Cl 

0.452 

9 

o 

8 

t  o  /f  c 

174.5 

A  11  A 

0.219 

A  C 

0.235 

0.265 

a  oao 

0.293 

A  111 

0.321 

A  1  /I  O 

0.348 

0.375 

0.401 

10 

9 

179 

0.198 

A  1 1  A 

0.210 

a  in 
0.237 

a  o*co 

0.263 

A  100 

0.288 

0.313 

A  O  OO 

0.337 

0.361 

1  1 
11 

1U 

1  oo  O 

183 .2 

0.181 

A  1  AA 

o.i  yo 

A  11  C 

0.215 

A  ooa 

0.239 

0.261 

A  1  O  /I 

0.306 

a  no 

0.328 

1  1 

12 

1 1 
11 

1  on  1 
15/. 1 

0.166 

A  1  11 

0.1 15 

0.196 

0.218 

0.239 

A  I^A 

U.26U 

0.280 

A  1  AA 

0.300 

1 1 
13 

12 

190.7 

0.154 

A  1  CA 

0.159 

0.181 

0.201 

A  TOA 

0.220 

A  11A 

0.239 

0.258 

0.277 

1  /I 

14 

1  1 

13 

1  A/I  1 

194.1 

a  1  a  a 
U.144 

A  1  AC 

0.146 

A  1£1 

0.16/ 

0.186 

A  OA/1 

U.2U4 

U.222 

A  1  A  A 

U.24U 

A  O  CO 

0.25  / 

15 

14 

1  AO  /I 

19/  .4 

a  t  'y  a 

0, 134 

0,136 

A  1  CC 

0.155 

0.1  /3 

c\  1  fin 
0.190 

U.2U/ 

A  111 

0.223 

A  O  A  A 

0.240 

16 

15 

OAA  /I 

200.4 

a  nt 

0.126 

A  1  A  C 

0.145 

n  i  £0 
0.162 

n  no 
0.1  /8 

0.194 

A  inn 

0.209 

A  11  C 

0.225 

17 

16 

203.3 

0.119 

0.136 

0.152 

0.167 

0.182 

0.197 

0.2H 

18 

17 

206.1 

0.113 

0.128 

0.143 

0.158 

0.172 

0.186 

0.199 

19 

18 

208.8 

0.107 

0.120 

0.135 

0.149 

0.162 

0.176 

O.I  89 

20 

19 

211.4 

0.102 

0.114 

0.128 

0.141 

0.154 

0.167 

0.179 

21 

20 

213.8 

0.0968 

0.108 

0.122 

0.134 

0.147 

0.159 

0.1 70 

22 

21 

216.2 

0.0925 

0.103 

0.116 

0.128 

0.140 

0.151 

0.162 

23 

22 

218.5 

0.0886 

0.0978 

0.110 

0.122 

0.133 

0.144 

0.155 

24 

23 

220.7 

0.0849 

0.0932 

0.105 

0.117 

0.128 

0.138 

0.1 49 

25 

24 

222.9 

0.0816 

0.0890 

0.101 

0.112 

0.123 

0.133 

0.143 

26 

25 

225 

0.0785 

0.0852 

0.0968 

0.107 

0.118 

0.127 

0.137 

27 

26 

227 

0.0756 

0.0817 

0.0930 

0.103 

0.113 

0.123 

0.132 

28 

27 

229 

0.0729 

0.0783 

0.0894 

0.0994 

0.109 

0.118 

O.I  27 

29 

28 

230.9 

0.0704 

0.0752 

0.0860 

0.0958 

0.105 

0.114 

0.123 

30 

29 

232,  .8 

0.0680 

0.0723 

0.0829 

0.0924 

0.101 

0.110 

0.H8 

31 

30 

234.6 

0.0658 

0.0696 

0.0800 

0.0893 

0.0979 

0.106 

0.1 15 

36 

35 

243 

0.0566 

0.0582 

0.0678 

0.0761 

0.0837 

0.0910 

0.0982 

41 

40 

250.6 

0.0495 

0.0585 

0.0661 

0.0730 

0.0795 

0.0859 

51 

50 

263.9 

0.0394 

0.0454 

0.0520 

0.0578 

0.0632 

0.0685 

61 

60 

275.4 

0.0325 

0.0364 

0.0425 

0.0476 

0.0523 

0.0568 
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TABLE  41.4  B 

SPECIFIC  VOLUME  OF  SUPERHEATED  STEAM  (BRITISH  UNITS) 

p  =  absolute  pressure  of  steam,  in  p.s.i.a. 

p  '  =  gauge  pressure,  in  p.s.i.g. 

t  =  temperature  of  saturated  steam  at  pressure  p,  in°F 

T  =  temperature  of  the  superheated  steam,  in  °F 

v  =  specific  volume  of  the  steam  at  r°F,  in  cu.ft./lb. 


p 

P' 

t°F 

Sp.  vol.  v 

in  cu.ft./lb.  at  a  temperature  T(°F) 

of: 

f 

inn 

JUU 

ADD 

Ann 

7f)f) 

OUU 

Qf)f) 
yUU 

14  7 
it.  / 

o 

u 

717 

Z 1Z 

lf\  8 
ZO.o 

30.5 

34.7 

38.8 

42.9 

46.9 

51.0 

^  1 
JJ.  1 

SQ  1 

74  7 
Z4.  / 

in 

7^Q  4 

10. J 

18.1 

20.6 

23.0 

25.5 

27.9 

30.3 

^7  7 
JZ.  / 

^S  7 
JJ.Z 

34.7 

20 

258.8 

12.0 

17  8 
IZ.o 

14  A 
14.0 

10. 7 

1  8  1 

10.1 

10  8 

71 

Z  1  .u 

23.3 

25.0 

54.7 

40 

286.7 

7.83 

8  oo 

Q  1  8 
V.  lo 

1U.7 

1  1  4 

17  f\ 
IZ.O 

14.8 

15.9 

74  7 

ou 

^07  ^ 

S  84 

J.o4 

A  A7 
0.0/ 

7  ^1 

/  .J  1 

O.J  J 

Q  1  7 

7.1/ 

Q  OS 
y.yo 

1  o  8 

lU.o 

1 1  A 
1 1.0 

Q4  7 

sn 

^7^  Q 

4  £7 

4.0  / 

J.ZZ 

S  QO 
J.yV 

O.jO 

7  77 
/  .ZZ 

/  .50 

8  so 

o.jU 

Q  14 
y.  14 

114  7 
lit,/ 

inn 

1UU 

jj  /  .y 

^  8Q 

4.28 

4.85 

5.40 

5.94 

6.48 

7  01 
/  .Ul 

7  S4 
/  .J4 

134.7 

120 

350 

3.34 

"X  61 
J.0 1 

4  1  1 
4. 1 1 

4  S8 

s  OS 
j.uj 

S  S1 

j.j  i 

5.96 

6.42 

154.7 

140 

360.9 

2.93 

^  1  7 
j.  1Z 

j.jO 

^  Q8 
j.yo 

4 

4.  jy 

4  7Q 
4.  ly 

5.19 

5.58 

174  7 

1  OU 

^70  f\ 
J  /u.o 

7  61 

7  74 
Z.  /^f 

^  1  ^ 
j.l  j 

^  ^1 

^  88 

J.OO 

4  7^! 
4.ZJ 

4 

4  04 

104  7 

lou 

"370  ^ 

7 

7  47 

7  80 
Z.oU 

^  14 

^  47 

j.  ly 

4  1  1 

4  4^ 

914  7 

zuu 

"387  8 
jo  /  .5 

7  14 

Z.  1H- 

2.19 

2.53 

2.84 

3.14 

3.43 

3  77 
J .  /  z 

4  01 

234.7 

220 

395.4 

1.96 

1.98 

2.30 

2.59 

2.87 

3.14 

3.40 

3.66 

254.7 

240 

402.6 

1.81 

2.11 

2.38 

2.63 

2.89 

3.13 

3.37 

274.7 

260 

409.3 

1.68 

1.94 

2.20 

2.44 

2.67 

2.90 

3.13 

294.7 

280 

415.7 

1.57 

1.80 

2.04 

2.27 

2.49 

2.70 

2.91 

314.7 

300 

421.7 

1.47 

1.68 

1.90 

'2.12 

2.32 

2.52 

2.73 

334.7 

320 

427.5 

1.39 

1.57 

1.78 

1.98 

2.18 

2.37 

2.56 

354.7 

340 

433 

1.31 

1.47 

1.68 

1.87 

2.06 

2.23 

2.41 

374.7 

360 

438.2 

1.24 

1.38 

1.58 

1.77 

1.94 

2.11 

2.28 

394.7 

380 

443.3 

1.18 

1.30 

1.50 

1.67 

1.84 

2.00 

2.16 

414.7 

400 

448.1 

1.12 

1.23 

1.42 

1.59 

1.75 

1.90 

2.06 

464.7 

450 

459.5 

1.000 

1.08 

1.25 

1,41 

1.55 

1.69 

1.83 

514.7 

500 

470 

0.902 

0.956 

1.12 

1.26 

1.40 

1.49 

1.65 

614.7 

600 

488.8 

0.751 

0.772 

0.921 

1.05 

1.16 

1.27 

1.37 

714.7 

700 

505.4 

0.641 

0.775 

0.887 

0.988 

1.08 

1.18 

814.7 

800 

520.3 

0.558 

0.664 

0.768 

0.859 

0.945 

1.03 

42.  Steam  Turbines 


CONCISE  THEORY  OF  THE  STEAM  TURBINE 


Fundamental  equation 

The  equation  which  constitutes  the  basis  of  all  calculations  in  fluid  mechanics  is  that  of  Ber- 
noulli: 


It  simply  expresses  the  conservation  of  energy  along  a  thin  stream  of  fluid  in  motion: 
z    =  head  of  the  fluid 
v    =  specific  volume  of  the  fluid 
p   =  pressure 
V  =  velocity 

g   =  acceleration  due  to  gravity. 
For  gases,  and  in  particular  for  steam,  the  integral  of  dz  is  always  negligible: 

(1)  Because  in  the  turbine  everything  takes  place  at  the  same  height,  which  is  that  of  the 
turbine, 

(2)  Because  v,  which  is  small  in  hydraulics  (for  water,  v  =  0.001  mVkg),  is  high  for  steam 
(v  =  1,650  mVkg  for  saturated  steam  even  at  100°C). 

In  limiting  ourselves  to  steam,  and  taking  no  account  of  z,  we  obtain  the  formula  of  Barre 
de  Saint- Venant: 


which  applies  to  perfect  fluids  and  does  not  take  friction  into  account.  The  indices  1  and  2 
apply,  respectively,  to  the  initial  and  final  states  of  the  steam  in  the  change  under  considera- 
tion. 

Relation  between  heat  drop  and  steam  velocity 

Let  us  consider  a  transformation  of  steam  from  one  state  A  to  another  state  B,  for  instance: 
passage  of  the  steam  in  (for  the  sake  of  simplification)  a  single-stage  turbine.  Let  us  draw 
a  dynamic  diagram  (Fig.  42.1).  The  Saint- Venant  formula  (42.2)  gives  us: 


dz  +  v  dp  +  d  I^-J    =  0 


I  1/2  \ 

r  r  ■ 


(42.1) 


A?  -  =  -     [  vAp 
2S  Jp, 


(42.2) 


2g 


-  =  -        v  dp  =  W 


(42.3) 
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V  =  velocity  of  the  steam  in  state  A  (before  the  transformation,  for  instance  upstream  of 

the  wheel) 

V  -  velocity  of  the  steam  in  state  B  (after  the  transformation,  for  instance  issuing  from 

the  wheel) 

W  -  area  BbaA  =  work  done  by  the  steam  in  the  transformation. 


Fig.  42.1.  Transformation  of  steam. p  —  v  diagram. 
Fig.  42.2.  Transformation  of  steam.  Entropy  diagram. 


In  the  case  of  the  turbine,  starting  from  the  nozzle-chest,  we  may  always  neglect  V2A 
(steam  velocity  in  the  nozzle-chest)  in  comparison  with  V2g,  and  we  obtain: 

V2  =  2gW  (42.4) 

V  =  velocity  of  the  steam  producing  work  W. 

On  the  entropic  diagram,  the  line  of  zero  volume  is  practically  the  line  x  =  0.  The  cross- 
hatched  area  (Fig.  42.2)  represents  the  heat  used  q: 

W  =  Eq  (42.5) 

E  =  mechanical  equivalent  of  the  kcal  =  427  kg  m  (1  B.T.U.  =  778.3  ft.lb.) 
q   -  Xi  -  X2,  which  can  be  read  on  the  diagram. 
We  have  then: 

V  =  V  IgEq  =  V  [2  X  9.8  X  427  (X,  -  X2)] 

    (42.6) 

=  91.5  V  X,  -  X2     (224  V  X>  -  X2) 

This  is  a  theoretical  equation  and  relates  to  a  perfect  gas.  As  steam  is  not  a  perfect  gas,  we 
must  write  in  practice: 

V=  91.5  V  a  (Xi  -  XT)        (224  V  a  (X,  ^"XzT)  (42.7) 
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V  =  steam  velocity,  in  m/s  (ft.s) 

X,  =  total  heat  of  the  steam,  before  the  wheel,  in  kcal/kg  (B.T.U./lb.) 
\2  =  total  heat  of  the  steam,  leaving  the  wheel,  in  kcal/kg  (B.T.U./lb.) 
with: 

a  =  0.94  for  a  first  wheel,  simple  or  multiple 
a  =  0.98  for  the  second  and  following  wheels 
a  =  0.97  to  calculate  the  speed  at  the  throat  of  a  nozzle. 

In  order  to  take  into  account  the  friction  in  a  nozzle,  the  same  formula  is  used,  with  a 
=  0.85. 

This  formula  (42.7)  is  one  of  the  most  important  in  calculations  relating  to  steam  turbines. 
Output  of  a  nozzle 

The  Saint- Venant  formula  allows  us  to  study  the  flow  of  steam  through  an  elongated  opening 
linking  two  compartments  where  pressures  are  respectively p\  upstream  and  p2  downstream. 

The  fine  streams  of  flowing  steam  take  the  shape  shown  in  Fig.  42.3,  and  form  a  constric- 
tion. 

It  may  be  shown  that  pressure  p0  at  the  constriction,  for  perfect  gases,  depends  only  on 
the  upstream  pressure  p\ 

p0  =  0.52/7,  (42.8) 
But  steam  is  not  a  perfect  gas  and  in  practice  we  have: 

p0  =  0.58 pi  for  saturated  steam 

Po  -  0.54pi  for  superheated  steam  * 


p2 


Fig.  42.3.  Flow  of  steam.  Fig.  42.4.  Output  of  a  nozzle. 


We  see  that  superheated  steam  is  closer  to  being  a  perfect  gas  than  is  saturated  steam. 
If  we  draw  a  graph  plotting  the  steam  output  of  the  nozzle  as  a  function  of  the  downstream 
pressure  (Fig.  42.4),  we  shall  see  that  the  output  remains  constant  while: 

pi  ^  0.54pi 

then  decreases  rapidly  and  falls  to  0  when  p2  =  p\ 
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It  follows  from  this  that,  in  a  turbine,  the  steam  output,  and  consequently  the  power, 
depends  only  on  the  characteristics  of  the  upstream  steam,  p\  and  vt,  and  on  the  sections 
at  the  throats  of  the  nozzles  before  the  first  wheel. 

Shape  of  the  nozzle 

The  form  given  to  the  nozzle  is  that  which  the  flowing  steam  tends  to  take.  Between  the  inlet 
and  the  throat,  the  form  is  roughly  that  of  a  cone  with  an  apical  angle  of  7°.  This  angle  is 
an  optimum:  a  smaller  angle  would  make  a  nozzle  too  elongated,  thus  increasing  friction; 
a  wider  angle  would  not  be  followed  by  the  steam. 

The  section  at  the  throat  approximates  to  a  square.  If  we  do  not  have  exactly  a  square, 
the  square  should  be  found  between  the  throat  and  the  exhaust. 


IMPULSE  TURBINES  AND  REACTION  TURBINES 

The  Bernoulli  equation  (42.1),  discarding  the  negligible  first  term  dz,  shows  that  the  steam 
produced  by  the  boilers  has  two  power-generating  properties:  its  pressure  and  its  velocity. 

Since  the  steam  reaches  the  nozzle-chest  with  practically  a  negligible  velocity,  all  its  energy 
is  in  reality  in  its  pressure  (if  it  is  superheated  the  factor  v  of  the  term  v  dp  obviously  shows 
that  the  energy  contained  in  a  given  weight  of  that  steam  at  a  given  pressure  increases  with 
its  superheat). 

The  energy  contained  in  the  steam  under  the  form  of  pressure  can  be  used  in  two  ways: 

(a)  By  converting  it  entirely  to  velocity 

(b)  By  using  part  of  it  directly  under  the  form  of  pressure,  and  by  converting  the  rest  into 
velocity. 

Each  of  these  two  methods  leads  to  a  special  type  of  turbine: 

(a)  That  in  which  all  the  energy  is  used  under  the  form  of  velocity:  this  is  the  impulse  tur- 
bine. 

(b)  That  in  which  the  energy  is  used  partly  under  the  form  of  pressure  and  partly  under 
the  form  of  velocity:  this  is  the  reaction  turbine. 

The  impulse  turbine  is  so  called  because  it  is  actuated  by  the  impulse  or  impact  due  to  the 
velocity  of  the  steam.  The  reaction  turbine  gets  its  name  from  the  fact  that  the  expansion 
of  the  steam  in  the  moving  blades  causes  a  reaction  on  them;  this  reaction  contributes  to  their 
movement,  as  does  the  impact  due  to  the  steam  velocity.  In  other  words:  while  it  is  the  steam 
pressure  that  is  used  in  all  turbines,  some  are  driven  by  the  impulse  of  the  speed  imparted 
to  the  steam  by  the  pressure  drop;  these  are  impulse  turbines.  Others  rotate  under  the  effects 
of  (a)  the  speed  given  to  the  steam  by  part  of  the  pressure  drop  and  (b)  the  reaction  caused 
in  the  wheels  by  the  expansion  due  to  the  fraction  of  the  pressure  drop  not  transformed  into 
speed:  these  are  the  impulse  and  reaction  (or  action  and  reaction)  turbines,  more  briefly  term- 
ed reaction  turbines. 

This  distinction  is  not  at  all  purely  academic:  it  imposes  itself  on  the  designer,  from  one 
end  of  the  turbine  to  the  other.  In  the  impulse  turbine,  the  total  section  of  the  passage 
through  the  fixed  distributor  blading  will  have  to  increase  in  a  given  distributor  as  well  as 
increasing  in  the  successive  distributors.  The  exit  of  a  distributor  will  have  to  be  calculated 
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for  the  same  pressure  as  the  entry  of  the  following  distributor,  however,  while  the  steam  will 
traverse  the  wheel  placed  in  between  these  two  distributors  at  a  constant  pressure. 

Impulse  turbines 

Construction  of  the  turbine.  According  to  what  we  have  just  said,  the  wheels  of  an  impulse 
turbine  are  not  designed  to  withstand  a  difference  in  pressure.  That  is  the  reason  why  they 
are  perforated,  so  that  if,  unexpectedly,  there  happened  to  be  a  reaction,  the  pressure  could 
at  once  equalise  on  the  two  sides.  However,  the  last  wheels  are  not  perforated,  because: 

(a)  The  difference  in  pressure  is  small  (cf.  Table  42.2), 

(b)  Reaction  on  the  last  wheels  is  not  a  drawback,  but  rather  an  advantage  (cf.  p.  1063), 

(c)  Those  wheels  have  longer  blades  and  are  submitted  to  a  higher  stress.  Therefore  it  is 
better  not  to  perforate  them. 


Fig.  42.5.  Back-pressure  steam  turbine  (Fives  Cail  -  Babcock). 


Figure  42.5  gives  a  sectional  view  of  a  turbine.  The  h.p.  steam  comes  in  at  the  admission 
nozzle-chest  and  passes  through  the  nozzles  onto  the  bladings  of  a  first  wheel.  Issuing  from 
that  wheel,  it  is  taken  up  by  fixed  blading,  which  gives  it  the  desired  direction  and  directs 
it  on  to  a  second  wheel,  and  so  on  (Fig.  42.6).  An  important  point  in  the  construction  of 
a  turbine  will  then  be  the  correct  design  of  the  blading;  it  has  to  receive  or  guide  the  steam 
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with  the  minimum  of  shocks,  eddies,  and  friction.  The  material  of  the  blading  is  steel  with 
12%  chromium. 


Nozzles 


1st  wheel 


2nd  wheel 


Fixed 


Moving 


Fixed 


Moving 


Fig.  42.6.  Blading. 

Efficiency  of  a  wheel.  Let 

U    =  mean  peripheral  speed  of  the  blading  due  to  the  rotation 
V    =  absolute  steam  velocity 

W  —  relative  steam  velocity,  relative  to  the  blading 
a     =  angle  between  U  and  V 
0     =  angle  between  U  and  W. 

Let  us  use  index  1  for  the  entry  to  the  wheel,  and  index  2  for  the  exit  (Fig.  42.7).  As  there 
is  no  expansion  and  as  we  neglect  friction:  Wi  =  W\.  Besides,  Ui  =  U\  since  we  are  con- 
sidering a  single  wheel  through  which  the  steam  passes  in  a  direction  parallel  to  the  shaft. 

Finally,  we  consider  generally:  @2  =  180  -  j3i. 

Let  us  draw  the  figure  again,  transferring  02  to  0\  and  Wz  to  W\  (Fig.  42.8). 
We  then  have: 


Vj  —  V\  +  4U2  -  AUV,  cos  ai 


(42.10) 


v2 

/   a  / 

A*  V 

1 1  u    1  u 

Fig.  42.7.  Velocity  of  steam  at  entry  and  exit  of  a  wheel. 


Fig.  42.8.  Triangle  of  velocities. 
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Now,  the  wheel  receives  the  energy:  (CF2)/2gand  releases  without  work:  CV\/2g. 
C  =  output  of  the  steam  from  the  turbine. 
Thus  the  efficiency  is: 

9  =  -^f-  (42-11) 

and  we  obtain,  replacing  the  numerator  by  its  value  taken  from  (42.10): 

4U{Vi  cos  or,  -  U) 
q  =  '  (42.12) 

V\ 

For  a  given  speed  V\  and  a  given  angle  ai,  let  us  try  and  find  the  value  of  (7  which  will 
give  us  the  maximum  efficiency.  We  notice  that  the  sum  of  the  2  variable  factors  in  the 
numerator  is  a  constant: 

U  +  {V\  cos  cti  -  U)  =  V\  cos  ai 
therefore  we  have  a  maximum  when  the  2  terms  are  equal  or: 

U  =  Vx  cos  a,  -  U 


or 


cos  «i 

Comments:  (1)  Normal  delivery.  We  may  write: 


(42.13) 


1 1I 

cos  ai  =  —  (42.14) 


V 


which  shows  that,  in  Fig.  42.8,  Vz  is  at  right-angles  to  the  movement  of  the  wheels. 
(2)  Maximum  efficiency.  We  get  maximum  efficiency  for: 

V\  cos  «] 

U  =  -^—^ — -  (42.15) 

Its  value  is: 

V\  cos2  a.\ 


4 


Q     =    =  cos2  a,  (42.16) 
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We  see  then  that  the  maximum  efficiency  corresponds  to  the  smallest  angle  ai.  But  there 
is  a  limit  to  the  diminution  of  the  entrance  angle,  for,  with  ai  =  0,  the  steam  would  not  enter 
the  wheel.  In  general,  ai  varies  between  12°  and  20°  for  the  first  wheel.  Quite  often  we  have 
ai  =  16°.  It  increases  in  the  following  wheels,  up  to  35°  and  even  40°  for  the  last  distributor. 

(3)  The  £  rule.  Let  us  suppose: 

—  =  k  (42.17) 

V\ 

Condition  (42.13)  will  then  be  expressed  by  the  following  rule:  the  ratio  £  of  the  peripheral 
speed  of  the  wheel  to  the  entrance  velocity  of  the  steam  to  its  blades  has  an  optimum  value 
=  (cos  u\)/2. 

We  have  seen  that  ai  could  not  be  smaller  than  12°.  Theoretically,  then,  the  optimum  £ 
can  not  exceed  0.49.  Besides,  it  is  advantageous  to  increase  the  expansion,  and,  since  a  func- 
tion varies  little  in  the  vicinity  of  its  maximum,  it  is  possible  to  get  away  slightly  from  the 
optimum  ratio  without  appreciably  changing  the  efficiency.  In  practice,  therefore,  we  shall 
not  exceed: 
£  =  0.45. 

It  is  the  rotational  speed  U  which  limits  the  designer,  on  account  of  the  stress  in  the  steel 
due  to  the  centrifugal  force.  The  smaller  £,  the  greater  is  V,  and  consequently  the  heat  drop 
q  which  is  proportional  to  V2  (cf.  eqn.  42.6).  We  shall  then  come  lower  in  the  entropic 
diagram,  to  a  lower  pressures .  A  greater  drop  in  each  wheel  will  mean  fewer  wheels,  with 
downstream  temperatures  and  pressures  decreasing  more  rapidly,  therefore  fewer  metal  ex- 
pansions and  leakages.  For  that  reason,  the  theoretical  efficiency  is  sometimes  sacrificed  and 
one  comes  down  to  £  =  0.30.  If  it  is  not  desired  to  let  the  efficiency  suffer  too  much,  the 
value  is  preferably  kept  in  the  vicinity  of:  £  =  0.40.  In  the  sugar  industry,  the  turbines  are 
back-pressure  turbines  in  which  the  efficiency  is  not  of  primary  importance,  since  the 
manufacture  of  sugar  requires  more  exhaust  steam  than  the  turbine  can  produce.  Therefore 
the  turbines  here  will  generally  have  a  £  varying  from  0.30  to  0.40. 

N.B.  The  Greek  letter  £  is  pronounced  "xi". 

Internal  efficiency  of  the  wheel.  The  efficiency  we  have  just  considered,  expressed  by  for- 
mula (42.11),  takes  into  account  only  the  residual  loss  V\/2g.\\  is  also  possible  to  take  into 
account  the  losses  undergone  by  the  steam,  through  shocks,  friction  and  turbulence,  during 
its  passage  in  the  wheel.  They  amount  to: 

W\  -  W\ 

C  ■  —    ■=  (42.18) 

^g 

C  =  steam  output  of  the  turbine. 

The  velocity  U  being  the  same  at  the  entry  and  at  the  exit,  we  can  draw  the  triangle  of 
velocities  at  entry  and  the  triangle  at  exit  on  the  same  vector  AS  =  U  (Fig.  42.9).  Those  two 
triangles  give  us: 
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W\  =  V\  +  U2  -  2UV,  cos  a,  } 
W\  =   V\  +  U2  -  2UV2cos  a2 


(42.19) 


Hence: 


V]  -   V\-  (IV i  -   W22)  =  2U(VlCos  a,  -  V2  cos  a2) 


(42.20) 


Multiplying  by  C/2g  we  have: 


2g 


C 


VI 
2g 


—  •  2  U  ( Vi  cos  ai 


F2  cos  02) 


(42.21) 


Now: 


C  •  —  =  power  provided  at  the  wheel 
£g 


V\ 

C  •  —  =  loss  through  residual  speed 
2g 


W\  -  W\ 

C  ■  —  =  losses  through  shocks  and  friction. 

2g 


Fig.  42.9.  Internal  efficiency  of  the  wheel. 

The  first  term  of  eqn.  (42.21)  represents  the  power  remaining  after  taking  into  account 
these  two  losses.  Relating  it  to  the  power  provided  for,  we  shall  have  the  "internal  efficien- 
cy" of  the  wheel: 


e,  = 


2  U(Vi  cos  cti  -  V2  cos  a2) 


(42.22) 


It  is  also  called:  "hydraulic  efficiency"  or  "thermodynamic  efficiency" 
On  the  diagram  (Fig.  42.9),  we  can  read  it  graphically: 


2  U  x  cd 


(42.23) 
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Necessity  of  having  several  wheels.  The  normal  heat  drop  in  a  turbine,  between  the  boilers 
and  the  exhaust  main,  is  about  100-  150kcal/kg  (180-270  B.T.U./lb.)  The  most  frequent 
value  would  be: 

X,  (23  kg/cm2,  350°C)  =  747  kcal/kg 
XB  (0.5  kg/cm2,  x  =  0.93)  =  607  kcal/kg 


\A  -  \B  =  140  kcal/kg 

/\(327  p.s.i.g.,  662°F) 
\B  (7p.s.i.g.,  x  =  0.93) 

V\,  -  K  = 

If  we  wished  to  use  this  all  on  one  wheel,  we  should  reach  the  following  steam  velocity: 
V=  91.5^094^x  740  =  1,050  m/s         (3,447  ft. /s) 
which  would  require  a  peripheral  speed  of: 

V  =  f  V  =  0.40  x  1,050  =  420  m/s  (1,379  ft./s) 

We  cannot  hope,  by  a  long  way,  however,  to  realise  such  a  speed.  The  highest  speeds  reach- 
ed in  small  turbines  are  about  300  m/s  (1,000  ft./s),  and  generally  steps  are  taken  to  keep  to 
moderate  speeds,  160-220  m/s  (500-720  ft./s).  Allen1  generally  adopts  190  m/s.  For 
general  figures,  it  may  be  commented  in  passing  that  the  maximum  speeds  used  in  turbines 
of  very  high  power  are  of  the  order  of  570  m/s  (1,870  ft./s). 

In  order  to  remain  under  the  conditions  of  maximum  efficiency,  i.e.  in  order  to  observe 
the  f  rule,  we  may  follow  two  methods. 

1st  Method:  pressure  compounding.  If  the  turbine  functions  between  the  pressures  pA 
and pg,  the  total  pressure  drop  will  be  divided  into  x  stages,  each  stage  consisting  of  a  ring 
of  fixed  distributor  blading,  where  all  the  expansion  will  take  place,  and  a  wheel  through 
which  the  steam  will  pass  at  a  constant  pressure. 

How  should  these  partial  expansions  be  apportioned? 

Rule.  Efficiency  is  at  a  maximum  when  all  the  wheels  have  the  same  power. 
Under  those  conditions,  each  wheel  will  have  to  absorb  47/*  kcalor  B.T.U.,  and  each  set  of 
distributor  blading  will  deliver  the  steam  at  a  velocity: 


1^=  91.5  V  a-  {i2aJ  (42.24) 

and  the  optimum  peripheral  speed  will  be:  t/  =  %Vx. 


1,344  B.T.U./lb. 
1,092  B.T.U./lb. 


252  B.T.U./lb. 
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Whence: 


u     v    9L5  /aQ-  1 

(42.25) 


With  four  wheels,  it  will  therefore  be  possible  to  use  a  speed  only  half  of  that  necessary 
for  a  single  wheel. 

Determination  of  the  number  of  wheels.  Let: 
x   =  the  total  number  of  wheels  in  the  turbine 
q  -  the  total  heat  drop:  X^  -  X^ 
q\  -  the  heat  drop  in  the  first  wheel 
q  =  the  heat  drop  in  each  of  the  following  wheels. 

It  is  advantageous  to  have  the  same  diameter  and  the  same  £  for  all  the  wheels  of  the  tur- 
bine, and  this  is  easy  to  realise  in  a  back-pressure  turbine  suitable  for  the  sugar  factory.  We 
shall  then  have: 

V  =      =  —  •  n  =  Constant  (42.26) 
£       60  £ 

n   =  rotation  speed  of  the  turbine,  in  r.p.m. 

D  =  diameter  of  the  wheels,  at  the  middle  of  the  blading,  in  m  (ft.) 
V  =  steam  velocity,  inm/s  (ft.s). 
Since  (eqn.  42.7): 


V=  91.5  VO.94^  =  91.5  V  0.98qn  (224  V  0.9Sqn) 

with: 

qi  =  q  -  (x  -  \)qn 

We  then  require: 

0.94  [q  -  (x-  \)qn]  =  0.98qn 

Hence: 

q  =  (x  +  0.04)^  (42.27) 

Since: 


U  =  £V  =  £91.5  V  0.98a   =  £91.5  J 


0.98 


x  +  0.04 
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Hence: 


x  +  0.04  = 


8,205  (X, 


U2 


\)Z2 


/  49,085  (X„  -  \)e 

v  ~tjr 


(42.28) 


Rule.  We  shall  give  to  x  the  values:  1,2,  3,  4,  5,  etc.;  we  shall  calculate  the  corresponding 
values  of  £,  and  we  shall  choose  the  number  of  wheels  x  which  will  give  the  £  value  nearest 
to  that  desired. 

2nd  Method:  velocity  compounding.  In  order  to  retain  the  conditions  of  maximum  effi- 
ciency, one  can  also  utilise  the  pressure  drop  (or  part  of  it)  by  sending  the  steam,  under  a 
constant  pressure  (impulse  turbine),  through  two  or  more  successive  rings  of  mobile  blading 
disposed  on  the  same  wheel,  and  separated  by  fixed  rectifying  blades  (Figs.  42.10  and  16.2). 


Fixed  blades 


Fig.  42.10.  Double  wheel. 


Characteristics  of  multiple  wheels.  A  study  of  this  solution,  similar  to  the  one  we  have  just 
made  of  a  single  wheel,  leads  to  the  following  conclusions: 

(a)  £.  A  multiple  wheel  with  n  rings  has  an  optimum  £  of: 

cos  Cti 

=  ^   (42.29) 

Consequently,  if  the  optimum  £  of  a  single  wheel  is  0.42,  for  instance,  that  of  a  double 
wheel  will  be  0.21  and  that  of  a  triple  wheel  0.14: 

€„  =  -  (42.30) 

(b)  Heat  drop:  since  it  is  the  peripheral  speed  which  sets  the  limit  to  the  designer,  and  since 
that  limit  is  almost  the  same  for  a  multiple  wheel  and  for  a  single  wheel,  we  shall  need  to 
have  (subscript  1  refers  to  the  single  wheel  and  subscript  n  to  the  multiple  one): 

U  =  ^  =  tVn  =        Vn  (42.31) 
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Hence: 


V  = 


(42.32) 


or: 


91.5  V 


=  n  91.5 


Hence: 


qn  =  n*qx 


(42.33) 


We  can  see,  then,  that  a  double  wheel  will  absorb  4  times  as  many  heat  units  as  a  single 
wheel.  In  other  words,  a  double  wheel  in  a  turbine  will  replace  four  single  wheels. 

Comment.  Of  course,  this  is  no  longer  true  unless  we  take  corresponding  values  for  £  in 
both  cases.  It  is  easy  to  see,  for  instance,  that  a  double  wheel  with  £  =  0.2  is  only  equivalent 
to  9/4  of  a  single  wheel  with  £  =  0.3.  The  efficiency  of  the  latter  is  then  far  lower,  however. 

We  can  see  in  passing  that  it  is  possible  to  increase  the  power  of  a  wheel  by  accepting  a 
lower  efficiency. 

(c)  Efficiency.  The  theoretical  efficiency  of  a  multiple  wheel  is  the  same  as  that  of  a  single 
wheel: 


(^Apportioning  the  power  of  the  different  stages.  The  triangles  of  velocities  show  that 
the  powers  transmitted  by  the  different  stages  of  a  multiple  wheel  follow  in  relation  to  one 
another  the  sequence  of  the  successive  decreasing  odd  numbers: 


Friction  only  aggravates  this  poor  theoretical  apportioning. 

(e)  Field  of  use  of  the  double  wheel.  If  we  compare  the  total  losses  in  a  double  wheel  and 
in  the  four  single  wheels  it  replaces,  we  shall  see  that  the  power  plays  a  part:  the  losses  are 
the  same  for  a  given  power  P0.  Below  P0  they  are  smaller  for  the  double  wheel;  above  Po, 
they  are  greater.  Consequently  the  double  wheel  is  interesting  for  small  powers. 

It  is  generally  agreed  that: 


6„  =  ei  =  cos2 


(42.34) 


Double  wheel:  3-1 
Triple  wheel:      5  —  3-1 


(42.35) 
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Po  =  limiting  power  for  the  use  of  the  double  wheel,  in  h.p. 
p  -  admission  pressure  of  the  steam,  in  kg/cm2  gauge  (p.s.i.g.) 
n   -  rotational  speed  of  the  turbine,  in  r.p.m. 
D  =  mean  diameter  of  the  wheels,  in  m  (ft.). 

This  formula  shows  us  that  if  we  are  to  have  a  double  wheel,  it  will  be  placed  first,  since 
p  falls  sharply  after  the  first  wheel. 

The  field  of  the  triple  wheel  is  even  more  limited,  and  its  use  is  rare  in  consequence. 

(/^Advantages  of  the  double  wheel:  There  is  a  tendency  to  use  the  double  wheel  even  a 
little  outside  its  proper  field,  for  a  power  slightly  superior  to  P0,  even  though  it  means  a  fall 
in  efficiency  of  about  a  \  or  1  unit.  The  double  wheel  offers  some  advantages: 

(7)  Considerable  expansion  in  a  single  wheel,  thus  immediately  and  considerably  decreas- 
ing the  pressure  at  the  admission  end. 

(2)  Longer  life  of  the  h.p.  packing  in  consequence  of  that  drop  in  pressure. 

(3)  Parallel  fall  in  temperature;  hence  the  possibility  of  smaller  clearances  and  less  wear 
in  the  rotor. 

(4)  Rigidity  of  the  wheel,  owing  to  its  double  ring;  hence  less  risk  of  warping  through  an 
abrupt  opening  of  the  steam  valve. 

(5)  Shorter  shaft  (one  wheel  instead  of  four). 

Reaction  turbines 

We  have  seen  (p.  1050)  that  reaction  turbines  are  turbines  in  which  the  expansion  of  the  steam 
takes  place  in  part  in  the  fixed  blading  and  in  part  in  the  mobile  blading,  thus  giving  to  the 
latter  a  supplementary  speed. 


c 


c 


D 


Impulse  turbine 


c  B 


A 


d 


D 


Reaction  turbine 


Fig.  42.11.  Velocities  for  impulse  and  reaction  turbines. 
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Triangle  of  velocities.  The  reaction  causes  rather  large  differences  in  the  choice  of  speeds 
(Fig.  42.11).  In  the  impulse  turbines,  W^is  inferior  to  W\  owing  to  the  friction  of  the  steam 
on  the  blading,  and  V2  is  much  inferior  to  V\  since  it  is  precisely  the  energy  {V\  -  V\)/2g 
which  is  turned  into  movement  in  the  wheel. 

In  the  reaction  turbine,  since  the  steam  expands  in  the  wheel,  Wz'is  greater  than  Wx,  and 
Kzis  much  greater  than  in  impulse  turbines.  The  angle  |8i  is  nearly  90°  instead  of  20  —  60° 
in  impulse  turbines. 

£  theory  and  practice  show  that  the  efficiency  is  maximum  for  £  =  0.85  or  thereabouts. 
If  we  attribute  subscript  0  to  the  impulse,  and  the  letter  without  a  subscript  to  the  reaction, 
we  see  that  we  have  approximately: 

£  =  2£0  (42.36) 

Steam  velocity.  Consequently  we  have: 


We  know,  however,  that  it  is  U that  sets  a  limit  to  the  designer,  and  that  the  reaction  does 
not  determine  the  strength  required  of  the  steel  of  the  turbine.  Therefore,  U  -  Uo  and: 


(42.37) 


In  a  reaction  turbine,  the  steam  velocity  is  half  that  of  the  corresponding  impulse  turbine. 

Number  of  wheels.  In  the  reaction  turbine,  suppose  we  use  half  the  heat  drop  under  the 
form  of  speed.  The  other  half  is  left  for  the  reaction  (this  is  the  proportion  generally 
adopted).  If  the  number  of  wheels  is  x,  the  speed  will  be  given  by: 


V  =  91.5 


and  if  we  compare  that  turbine  with  an  impulse  turbine,  functioning  under  the  same  heat 
drop  q,  we  shall  have  according  to  the  preceding  rule  (42.37): 


Hence: 

x  =  2x0  (42.38) 
The  reaction  turbine  has  twice  as  many  wheels  as  the  corresponding  impulse  turbine. 


1062 


STEAM  TURBINES 


Ch.  42 


Shock  and  friction.  Suppose  17  expresses  the  losses  through  shock  and  friction.  They  are 
given  in  each  wheel  by  an  expression  of  the  form: 

n  =  kV2  (42.39) 


or,  for  the  two  turbines  we  are  comparing: 

17  =  kxV2  rio  =  kx0  VI 


Hence: 


^0  Vo 

77  =  k2x0  •  —  =  -  (42.40) 
4  z 


Reaction  is  thus  a  smoother  and  more  delicate  way  of  using  the  steam.  This  is  its  big  advan- 
tage. 

Leaks.  With  the  impulse  turbine  there  are  leaks  at  the  diaphragms  only.  With  the  reaction 
turbine,  we  have  in  addition  the  leaks  on  the  periphery  of  the  wheels,  owing  to  the  difference 
in  pressure  between  the  two  sides  of  the  wheel.  This  kind  of  leak  is  measured  by  r/h  (Fig. 
42.12). 


Fig.  42.12.  Leaks. 


Therefore  it  is  much  more  important  in  the  h.p.  stages: 

(1)  Because  r  is  then  larger  owing  to  the  big  differences  in  temperature:  from  1  to  1.5  mm. 

(2)  Because  h  is  small. 

Axial  thrust.  The  axial  thrust  is  very  small  in  an  impulse  turbine,  but  in  a  reaction  turbine 
it  becomes  very  large,  thus  compelling  the  designer  to  take  special  measures  in  order  to  ab- 
sorb it. 

Degree  of  injection.  The  reaction,  in  the  first  wheel,  makes  it  necessary  to  have  full  annular 
injection,  which  is  prohibitive  where  small  powers  are  concerned,  since  it  would  lead  to  very 
short  blades.  These  are  never  made  less  than  5  mm,  and  this  is  the  reason  why  reaction  is 
not  used  with  small  powers  —  in  any  case  not  as  soon  as  the  first  wheel. 
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Conclusion.  Summing  up  the  advantages  and  drawbacks,  we  can  see  that  it  is  advan- 
tageous to  have  impulse  h.p.  stages  and  reaction  l.p.  stages.  Thus: 

(a)  One  can  use  partial  injection. 

(b)  Leaks  can  be  avoided  where  r/h  is  greater. 

(c)  The  axial  thrust  is  avoided  in  the  wheels  where  the  differences  in  pressure  are  greatest. 
(eOThe  reaction  improves  efficiency  in  the  latter  stages. 

Ordinary  sugar  factory  turbines  are  always  impulse  turbines,  at  least  in  the  h.p.  stages. 
Steam  consumption 

Turbines  are  generally  used  to  drive  alternators  in  the  turbo-alternator  sets  of  the  electric 
power-house;  hence  we  shall  consider  steam  consumption  per  kWh  or  per  h.p.h.  at  the  ter- 
minals of  the  switch  board.  It  is  given  by: 

Q  =  -  '  (42.41) 

(X  -  y)vQmQrQg      UX  -  X')T,emeryg/ 


or: 


 860  3^413 


q'=tz, — r,r       ,  „  ^ — )  <42-42> 

   w 


Q  =  steam  consumption  of  the  turbo-alternator  set,  in  kg/h.p.h.  (lb. /h.p.h.) 
Q'  ~  steam  consumption  of  the  turbo-alternator  set,  in  kg/kWh  (lb./kWh) 
X  =  total  heat  of  the  steam  at  the  nozzle-chest,  in  kcal/kg  (B.T.U./lb.) 
X'  =  total  heat  of  the  steam  at  exhaust,  in  kcal/kg  (B.T.U./lb.) 
17    =  thermodynamic  efficiency  of  the  turbine 
Qm  =  mechanical  efficiency  of  the  turbine 

Qr  =  efficiency  of  the  reduction  gearing,  if  it  is  a  geared  turbine 
Qg  -  efficiency  of  the  alternator  or  the  generator. 

Value  of  Qm.  Approximately  0.985. 

Value  of  Q  .  Varies  with  power:  0.94-0.985. 

Value  of  Qr.  Varies  from  0.97  to  0.985. 

Value  of  11.  The  thermodynamic  efficiency  of  the  turbine  depends  on: 

(a)  The  mechanical  standard  of  construction 

(b)  Its  power;  the  more  powerful  the  turbine  the  higher  the  efficiency 

(c)  The  adiabatic  heat  drop;  the  higher  the  drop  the  better  the  efficiency. 
We  may  use  the  figures  of  Table  42. 1 . 
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Impulse  turbines 

Back-pressure  turbines 

Turbines  with  reduction  gear  and  double  wheel  0.65 

Back-pressure  =  43  -  100  p.s.i.g.  0.65-0.70 

Back-pressure  =    7-43  p.s.i.g.  0.70-0.72 

Condensing  turbines  0.72-0.75 

Condensing  reaction  turbines  0.75-0.80 

Condensing  turbines  3  -  8  MW  0.80 

Condensing  turbines  20  MW  0.82 


In  order  to  obtain  the  actual  steam  consumption,  we  shall  have  to  add  to  the  above  value  Q: 

For  losses  through  condensation:  3-5% 
For  losses  by  leaks:  2-3% 

The  efficiency  of  the  complete  power  plant  is  thus,  taking  the  normal  average  values: 

(a)  Efficiency  of  the  turbine:  QmQrQgv  =  0.985  X  0.98  X  0.95  X  0.75  =  0.688 

(b)  Losses:  Qp  =  0.936;  0.688  X  0.936  =  0.644 

(c)  Auxiliaries.  If  we  take  into  account  auxiliary  equipment  (feed  pump,  air  heater, 
draught  fan)  which  takes  its  power  from  the  turbine  to  allow  it  to  function,  without  direct 
use  in  the  factory,  we  must  also  include  a  coefficient  Qa  =  0.935,  and  we  obtain: 

Gv  =  0.644  X  0.935  =  0.6 

The  useful  energy  is  thus  primarily  only  60%  of  that  contained  in  the  steam.  This  applies 
for  the  turbines  driving  knives,  shredder  and  mills.  If  we  consider  the  electric  motors  of  the 
factory  we  should  also  allow  for  efficiency  of  transmission  lines  and  mean  efficiency  of  elec- 
tric motors,  giving  overall  efficiency  for  electric  drive  as:  0.6  x  0.97  x  0.85  =  0.5 
Thus  the  useful  power  of  electric  motors  is  only  half  of  that  derived  from  the  steam. 

Losses  of  pressure.  We  must  not  lose  sight  of  the  losses  of  pressure  between  the  boiler  and 
the  turbine.  Varying  with  the  distance,  the  larger  or  smaller  section  of  the  pipes,  and  the  more 
or  less  careful  insulation,  we  shall  have  to  deduct: 

For  pressure:         10-  12%  of  the  pressure  at  the  boiler 
For  temperature:     5  -  10%  of  the  temperature  at  the  boiler 

Steam  at  25  kg/cm2,  360°C  (350  p.s.i.,  680°F)  at  the  boilers  will  arrive  at  the  turbine  at 
22-23  kg/cm2,  340°C  (315-320  p.s.i.,  644°F).  This  difference  takes  into  account  the  fluc- 
tuations of  pressure  at  the  boilers,  which  is  rarely  equal  to  the  rated  value,  and  reaches  it 
only  occasionally. 
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SPECIFICATIONS  FOR  A  TURBINE 

We  shall  proceed  to  establish  the  preliminary  design  of  a  turbine  for  a  sugar  factory,  with 
back-pressure  and  gearing. 

Data 

Pressure  at  entry:  pA  -  23  kg/cm2  gauge  (325  p.s.i.g.) 

Temperature  of  the  superheated  steam  at  the  entry:  tA  -  340°C  (644°F) 
Back-pressure  at  exhaust:  pB  -  0.5  kg/cm2  gauge  (7  p.s.i.g.) 

Power  required  at  the  alternator  terminals:  =  1,500  kW 

Rotational  speed  of  the  turbine:  n   -  9,000  r.p.m. 

Calculations.  If  there  were  no  gearing,  the  rotational  speed  would  be  imposed  by  the  fre- 
quency and  the  number  of  poles  of  the  alternator.  In  this  case,  if  we  consider  an  alternator 
of  1,500  r.p.m.,  we  shall  need  a  speed  reducer  of  6  to  1. 

Let  us  remember  that  1,500  kW  =  2040  metric  h.p.  =  2,010  British  h.p. 

Heat  drop.  The  entropy  diagram  gives: 

X^  =  742  kcal/kg  /  1,335  B.T.U./lb. 
XB  =  607  kcal/kg       (    1,092  B.T.U./lb. 


X^  -  XB  =  135  kcal/kg       V     243  B.T.U./lb. 

Diameter.  The  diameter  is  first  chosen  according  to  the  following  two  considerations: 

(a)  Keep  moderate  values  for  U:  160  m/s  (500  ft./s)  for  a  double  wheel,  180-240 
(590-780)  for  a  single. 

(b)  In  the  case  of  high  powers,  we  must  have  sufficient  outlets  in  the  last  wheels,  that  is 
a  moderate  h/D  at  the  blades.  Here  we  have  nothing  to  fear  in  that  respect,  however,  since 
ours  is  a  back-pressure  turbine. 

For  the  same  reason,  we  shall  be  able  to  give  to  all  the  wheels  the  same  diameter  D,  since: 

60 

Let  us  take: 

200  -  3  14  X  D  X  9,000 
60 

Hence: 


D  =  0.425  m        (1.4  ft.  ~  17  in.) 
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Leading  wheel.  Let  us  check  whether  it  would  be  advantageous  to  have  a  double  wheel 
(eqn.  42.35): 

p0  =  4p  (    "    I  D5  =  (4  x  23  x  93  X  0.4255)  =  930  h.p.  =  683  kW 
\  1,000/ 

This  means  that  we  are  outside  the  field  of  the  double  wheel,  and  it  would  not  be  suitable. 

Number  of  wheels.  Since  we  wish  to  have  the  same  £  in  all  the  wheels,  we  shall  write  (for- 
mula 42.28): 

x  +0.04  =  8,205  X  13 •   £==27.7  ? 
2002 

To  each  value  of  x  there  corresponds  therefore  a  value  of  £.  Let  us  look  for  the  best  solu- 
tion among  the  different  corresponding  values. 


For:  x 

=  3 

£  = 

0.333 

X 

=  4 

£  = 

0.384 

X 

=  5 

£  = 

0.429 

X 

=  6 

£  = 

0.470 

If  we  were  interested  only  in  the  efficiency,  we  should  take  x  =  6,  which  would  give  us 
a  £  value  very  close  to  0.45.  If,  on  the  contrary,  we  required  a  simple  and  cheap  turbine,  we 
could  come  down  to  x  =  3,  which  would  give  us  a  £  value  close  to  0.30.  We  shall  reject  these 
two  extreme  solutions,  however,  which  would  mean  for  us:  the  first,  too  expensive  a  turbine; 
and  the  second,  a  very  low  efficiency. 

We  are  left  with  the  two  intermediate  solutions.  If  we  had,  or  planned  to  have,  a  thermo- 
compressor,  and  if  we  were  seeking  the  utmost  economy  in  bagasse,  we  should  take  x  =  5 
with  a  £  value  greater  than  0.40.  We  shall  be  content  with  x  =  4  and  with  £  =  0.38,  however, 
a  value  very  suitable  for  a  back-pressure  turbine. 


Scale  ofpressures.  We  have  then  £  =  0.384.  Hence: 


V  = 


U 

£ 


200 

0.384 


=  524  m/s 


(1,719  ft./s) 


On  the  other  hand: 


V  =  91.5  V  0.94  qr, 

First  wheel.  Hence: 


5242 

at  =  =  34.8  kcal/kg         (63  B.T.U./lb.) 

91.52  x  0.94  ' 
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Fig.  42.13.  Pressure  stages. 

On  the  entropic  diagram,  we  look  for  point  I,  on  the  vertical  of  A,  such  that: 
K  -  ^  =  Ql 

\x  =  \A  .  q,  =  742  -  34.8  =  707.2  kcal/kg         (1,272  B.T.U./lb.) 

and  we  read  on  the  diagram  that  point  1  corresponds  to:  13.6  kg/cm2  abs.}  263°C,  gji  =  5.56 
kg/m3  (193  p.s.i.a.,  505°F,  Wl  =  0.35  lb./cu.ft.) 

Nozzles.  If  we  have: 

=  0.54p!  =  0.54  x  24  =  12.96  kg/cm2  abs.         (183  p.s.i.a.) 

we  see  that  there  is  no  constriction. 

Other  wheels.  We  have  just  found  the  heat  drop  in  the  first  wheel,  q\  We  have  now  to 
release: 

X,  -    \  =  707.2  -  607  =  100.2  kcal/kg         (180  B.T.U./lb.) 
and  to  use  three  wheels.  Consequently  each  of  them  will  have  to  work  under  a  heat  drop  of: 

10(1? 

qn  =  =  33.4  kcal/kg         (60.0  B.T.U./lb.) 

and  we  can  check  that  we  have  in  fact: 


*  = 


U  200 


=  0.384 


v  91.5vr098  X  33.4 
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Fig.  42.14.  Back-pressure  steam  turbine  with  four  wheels  and  speed  reducer,  cover  removed. 


With  the  aid  of  the  entropy  diagram,  we  can  then  establish  the  scale  of  pressure  stages 
given  in  Table  42.2. 

The  steam  at  the  first  four  stages  is  superheated.  In  the  last  two  it  is  wet  and  the  dryness 
fraction  is: 

In  the  3rd  wheel:  x  =  0.98 
In  the  4th  wheel:     x  =  0.94 

Influence  of  losses.  The  losses  in  the  nozzles  and  the  losses  through  shock  and  friction  in 
the  wheels  are  turned  into  heat,  thus  increasing  superheat  or  the  dryness  fraction  of  the 
steam.  It  follows  that  the  representative  points  1,  2,  3,  B,  actually  come  to  1  ',2',  3'.  B 'on 
the  corresponding  isobars  (Fig.  42.  ]  3). 

In  practice  we  take  the  last  point  B  half-way  between  B  and  point  situated  on  the  graph 
x  -   1.  Then  we  draw  in  the  approximate  line  AB'. 

Choice  of  turbine.  The  principal  turbines  supplied  by  Fives  Cail  -  Babcock  are  the  40  CP 
and  the  50  CP.  We  may  adopt:  for  powers  below  5000  kW  the  40  CP,  and  for  higher  powers, 
the  50  CP. 


TABLE  42.2 

SCALE  OF  PRESSURES 


Total  heat  X  Temperature  Absolute  p^     re  "Gauge  pressure  Density 


tkcal/kg) 

(B.  T.  U./lb.) 

CQ 

(°F) 

(kg/cm2) 

(p.s.i.a.) 

<k8/cm*) 

(P-s.i.g.) 

(kg/cm2) 

(Ib./cujt.) 

Boiler 

752 

1,352 

360 

680 

26 

370 

25 

355 

9.2 

0.57 

Admission 

742 

1,335 

340 

644 

24 

341 

23 

325 

8.7 

0.54 

1st  wheel 

707 

1,272 

263 

505 

13.6 

193 

12.6 

178 

5.6 

0.35 

2nd  wheel 

674 

1,211 

188 

369 

7.1 

100 

6.1 

85 

3.4 

0.21 

3rd  wheel 

640 

1,152 

137 

279 

3.4 

48 

2.4 

34 

1.9 

0.12 

4th  wheel 

607 

l,o92 

112 

233 

1.5 

21 

0.5 

7 

0.9 

0.06 
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Fig.  42.15.  Condensing  steam  turbine  (40  bar.  400°C-  extraction  at  1.5  bar,  Fives  Cail  -  Babeock) 

Minimum  dryness  fraction  admissible 

Experience  has  shown  that  in  order  to  keep  corrosion  of  the  blades  within  reasonable  limits, 
the  wetness  of  the  steam  must  not  exceed  10%  at  exhaust  from  the  last  stage. 

In  other  words,  superheat  will  have  to  be  chosen  so  that  B '  comes  between  the  line  of 
dryness  0.90  and  the  line  x  =  1. 

Lyle^  sets  the  extreme  limit  at  13%  wetness;  beyond  that  figure,  the  droplets  of  water  cause 
serious  erosion  of  the  blades  in  the  last  stage  of  the  turbine. 

Valves 

Lack  of  steam-tightness  of  the  h.p.  stop  valve  on  the  supply  to  the  turbine  can  lead  to  con- 
densation during  shutdowns  and  consequent  corrosion  of  the  rotor. 

To  avoid  this  drawback,  it  is  advisable  to  install  two  h.p.  stop  valves,  placed  one  in  front 
of  the  other  with  a  drain  open  to  atmosphere  between  the  two,  to  evacuate  condensate  due 
to  possible  leakage  of  the  upstream  valve. 
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Accessories.  For  safety,  a  no-load  speed  should  be  limited  to  10-15%  above  the  max- 
imum operating  speed. 

Speed.  A  mill  turbine  should  not  exceed  5,000  r.p.m.  It  is  advisable  to  provide  for  a  max- 
imum speed  of  4,500  r.p.m.  For  a  given  size  of  nozzles,  and  a  fixed  position  of  the  regulator, 
the  power  drops  with  the  speed.  If  it  is  for  example,  1,000  kW  at  4,500  r.p.m.  it  will  be  only 
965  at  4,000,  915  at  3,500,  850  at  3,000,  765  at  2,500,  and  650  at  2,000  r.p.m. 


REFERENCES 


1  ALLEN  TURBINES,  Sugar  Azucar,  70  (1975)  25. 

2  O.  Lyle,  The  Efficient  use  of  Steam,  11th  edn.,  HMSO,  1974,  p.  9. 


43.  Electricity 


We  have  been  able  to  give  a  short  theory  of  steam  turbines,  summing  up  the  principal  notions 
relating  to  the  working  and  design  of  those  machines.  It  would  have  been  desirable  to  do  the 
same  concerning  alternators  and  electric  motors. 

Unfortunately,  it  is  impossible  to  sum  up  in  a  few  pages  a  theory,  however  short,  of  elec- 
tricity and  electrical  machines;  and  those  who  wish  to  inform  themselves  completely  on  that 
subject  must  perforce  be  directed  to  special  works. 

We  shall,  therefore,  be  content  here  to  recall  the  essential  general  notions  and  the  factors 
which  are  most  important  from  the  point  of  view  of  sugar  manufacture. 


DIRECT  CURRENT  AND  ALTERNATING  CURRENT 

Electricity  is  produced  under  two  forms: 

(a)  Direct  current 

(b)  Alternating  current. 

Direct  current  offers  some  advantages: 

(a)  Simplicity 

(b)  Powerful  starting  torque  of  the  motors 

(c)  Possibility  of  driving  the  motors  at  any  given  speed 
(cOWide  range  of  variation  in  the  speed  of  each  motor. 

The  last  point  is  the  real  advantage  of  direct  current.  Steam  permits  of  having  a  wide  range 
of  variation  in  speed  in  all  the  engines,  simply  by  regulating  the  steam  valve  at  the  entry,  or 
by  adjusting  the  governor.  With  electricity  we  lose  this  big  advantage;  but  it  is  alternating 
current  which  brings  in  the  main  restrictions  from  that  point  of  view.  Direct  current  still 
leaves  a  little  more  scope  in  the  choice  of  motor  speed,  with  the  additional  possibility  of 
modifying  and  regulating  that  speed. 

However,  direct  current  is  practical  only  for  very  small  installations.  The  magnitude  of  the 
modern  sugar  factory  demands  alternating  current,  which  offers  the  following  advantages: 

(a)  Easy  transformation 'from  high  to  low  tension  and  conversely. 

(b)  Relatively  high  efficiency  in  transmission  and  utilisation  for  units  of  large  or  moderate 
power. 

(c)  Smaller  size  and  lower  cost  of  the  motors. 


THREE-PHASE  ALTERNATING  CURRENT 

The  only  alternating  current  of  any  interest  in  sugar  manufacture  is  three-phase  supply. 
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Three-phase  current  is  produced  by  an  alternator  which  has  three  groups  of  windings,  sym- 
metrically disposed  and  displaced  electrically  by  27r/3  in  relation  to  each  other.  The  windings 
of  each  of  these  three  groups  are  linked  in  series,  and  it  is  the  current  they  provide  which 
feeds  each  of  the  three  wires  coming  from  the  alternator.  These  three  wires  therefore  carry 
currents  displaced  in  relation  to  each  other  by  j  of  a  period,  and  the  same  applies  to  their 
respective  electromotive  forces. 

Let  us  consider  these  three  groups  of  windings,  or  three  corresponding  turns  in  each  of 
them.  Let  us  call  u  the  effective  or  r.m.s.  (root  mean  square)  potential  difference  created  in 
each  of  the  windings,  and  ;  the  r.m.s.  value  of  the  current  which  flows  through  them.  There 
are  two  ways  of  connecting  these  windings  in  order  to  transmit  to  the  motors  the  current  pro- 
duced: 

(a)  Star  connection  (Fig.  43.1).  The  r.m.s.  potential  difference  between  any  two  of  the 
three  lines  is  then: 


U  =  u  V  3 


(43.1) 


A 


B 


u 


Fig.  43.1.  Star  connection. 


and  the  r.m.s.  current  flowing  through  them: 


/  =  i 


(43.2) 


(b)  Delta  connection  (Fig.  43.2).  It  may  easily  be  shown  that  in  this  case: 


A 


u 


B 


C 


Fig.  43.2.  Delta  connection. 


U  =  u 


(43.3) 
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/  =  /  v  3  (43.4) 

Power  factor.  By  definition,  alternating  currents  are  currents  which  vary  in  value  periodic- 
ally, changing  direction  from  a  positive  maximum  to  a  negative  maximum  of  the  same 
magnitude  (Fig.  43.3).  The  difference  in  potential  follows  the  same  law  of  variation,  which 
approximates  more  or  less  a  sinusoidal  form. 


y 

0 

u  

//\\ 

(    <'      \  1 

7    \\  / 

T 

/  \ 

/ 

Fig.  43.3.  Alternating  current. 


The  duration  T  of  a  complete  cycle  is  called  the  period,  and  the  number  of  periods  per 
second  is  called  the  frequency  /  of  the  current: 


The  variation  of  the  current  /  or  that  of  the  potential  difference  U  can  also  be  represented 
by  a  vector  revolving  round  a  given  point  at  the  rate  of  /  revolutions  per  second  (Fig.  43.4), 
the  instantaneous  value  of  the  current  or  of  the  potential  difference  under  consideration  be- 
ing then  represented  by  the  projection  Om  of  the  vector  on  the  x-axis. 


Fig.  43.4.  Schematic  representation  of  alternating  current. 

Owing  to  the  self-induction  of  the  windings,  there  is  always  a  certain  lag  $  (Fig.  43.4),  bet- 
ween the  current  and  the  potential  difference.  If  those  two  vectors  were  in  phase,  the  power 
would  be  given  by  their  product  UI.  When  there  is  a  lag  $  between  them,  the  power  is  given 
by: 


UI  cos  3> 


(43.6) 
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Cos  <!>  is  called  the  "power  factor" .  If  f>  =  90°,  cos  <t>  =  0,  and  the  power  produced  is  nil. 

The  power  factor  plays  an  important  role  in  electrified  factories  and  we  shall  consider  it 
further  on  (p.  1093). 


GENERATION  OF  ELECTRICITY 

How  can  we  produce  on  the  spot  the  electrical  energy  required  by  the  factory?  Since  the  only 
actual  source  of  energy  is  the  bagasse,  the  factory  has  to  produce  the  electricity  in  a  power 
station  driven  by  steam  produced  from  bagasse  in  the  boilers. 

The  back-pressure  steam  turbine  is  of  great  interest  in  the  sugar  factory.  In  producing 
steam  at  25  kg/cm2  (356  p.s.i.)  and  360°C  (680°F),  for  instance,  we  shall  use  about  750  kcal 
(1,350  B.T.U.)  per  kg  (lb.)  of  steam,  but  that  kg  (lb.)  of  steam,  when  passing  through  a  steam 
turbine,  will  give  us  all  the  power  we  need  in  the  factory  and  to  spare.  And,  at  the  exhaust 
of  the  turbine,  we  shall  find  our  kg  (lb.)  of  steam  available  for  all  the  heat  requirements  of 
the  whole  process,  and  still  containing  more  than  600  kcal  (1,080  B.T.U.),  that  is,  more  than 
I  of  the  heat  we  have  given  to  it. 

Thus  we  see  how  low  the  cost  is  of  all  the  power  necessary  in  a  factory,  to  drive  its  engines 
and  its  mills,  all  the  pumps  and  all  other  machinery;  less  than  25%  of  the  heat  it  has  to  pro- 
duce or  of  the  fuel  it  has  to  burn  for  the  purpose  of  heating  and  concentrating  the  juices  and 
syrups. 

That  fraction  is  so  small  that  it  is  considerably  less  than  the  difference  between  the  con- 
sumption of  steam  for  heating  in  a  badly  organised  and  badly  equipped  factory,  and  that 
of  a  well-designed  one  which  uses  its  heat  logically  and  economically.  We  can  say  that  power 
costs  nothing,  or  next  to  nothing,  in  a  sugar  factory.  It  is  obtained  almost  free,  while  produc- 
ing steam  for  heating  purposes  which  is  indispensable. 

This  shows  that,  even  if  we  have  at  our  disposal  a  public  supply  giving  electricity  at  a  very 
low  rate;  even  when  we  have,  in  the  vicinity  of  the  factory,  a  source  of  water  power  which 
could  be  easily  harnessed,  we  should  still  find  it  advantageous  to  produce  the  power  necessary 
to  run  the  factory  from  the  bagasse. 

Only  some  use  for  the  bagasse  giving  it  a  value  much  above  its  value  as  a  fuel  (production 
of  bagasse  board,  paper  pulp,  cellulose  products,  etc.)  could  lead  to  the  use  of  an  external 
source  of  energy  for  production  of  electrical  power;  or  indeed,  the  need  for  power  external 
to  the  factory,  exceeding  the  margin  of  energy  available  from  the  bagasse,  such  as  pumping 
for  large  irrigation  demands,  for  example.  Even  there,  however,  since  heating  steam  is  in  any 
case  indispensable,  it  is  highly  probable  that,  even  in  these  two  cases,  it  would  be  of  interest 
to  produce  this  steam  at  the  temperature  and  pressure  required  to  obtain  simultaneously  the 
power  requirements  for  the  factory  and  the  heating  steam  which  is  equally  necessary. 
Whatever  the  source  of  heat  utilised  in  the  boilers,  it  is  advisable  that  this  source  of  heat 
should  at  the  same  time  furnish  the  heat  for  power  generation  and  that  for  heating. 

Steam  turbines  of  small  power  output,  up  to  about  l,500kW,  are  generally  of  geared  type: 
they  run  at  8,000-9,000  r. p.m.  and,  through  reduction  gearing,  drive  an  alternator  running 
at  1,500  r.p.m.  For  higher  powers,  above  1,800  or  2,000  kW,  turbines  generally  run  at  3,000 
r.p.m.  with  direct  drive  to  a  two-pole  alternator. 
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Relation  between  frequency  and  speed.  With  an  a.c.  machine  we  have: 

pn 


60 


(43.7) 


/    =  frequency  of  the  current,  in  cycles/s 

p    =  number  of  pole  pairs 

n    -  rotational  speed,  in  r.p.m. 

Hence: 


n  = 


(43.8) 


and  if:  /  =  50  cycles  per  second: 


fin  x  so 


3.000 


n  = 


(43.9) 


This  equation  is  rigorously  true  for  alternators  and  synchronous  motors.  For  non- 
synchronous  motors  it  is  correct  if  allowance  is  made  for  slip: 


8  = 


n  ■ 


n 


(43.10) 


8    =  sliP 

n   -  synchronous  speed,  given  by  eqn.  (43.9) 
n '  =  actual  speed  of  the  motor. 

Consequently  the  speed  of  alternators  and  synchronous  motors,  or  the  synchronous  speed 
of  induction  motors,  has  to  be  a  sub-multiple  of  3,000  when  using  a  current  of  frequency 
50,  or  of  3,600  for  a  frequency  of  60  (Table  43.1). 

TABLE  43.1 

SYNCHRONOUS  SPEEDS 


P 

1 

2 

3 

4 

5 

6 

7 

8 

/  = 

50 

n 

3,000 

1,500 

1,000 

750 

600 

500 

428 

375 

n' 

2,900 

1,450 

960 

720 

580 

480 

415 

360 

/  = 

60 

n 

3,600 

1,800 

1,200 

900 

720 

600 

514 

450 

n' 

3,500 

1,750 

1,160 

870 

700 

580 

500 

435 

p    =  number  of  pole  pairs  of  alternator  or  motor. 
n    =  synchronous  speed,  in  r.p.m. 

n  '   =  actual  speed  of  an  asynchronous  motor,  for  a  normal  slip  of  3  — 4%. 
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50  cycles  per  second  is  the  standard  frequency  in  Europe.  In  America,  the  standard  fre- 
quency is  60  cycles. 

The  normal  slip  for  an  asynchronous  motor  is  3-5%;  it  can  be  appreciably  higher  and 
motors  are  manufactured  providing  for  slips  as  high  as  50%,  without  stalling. 

Units.  Let  us  recall  in  passing  two  units  frequently  used  in  electricity: 


1  kg  m  =  9.8  J 

1  h.p.  =  75  kgm/s  =  735  J/s  =  0.735  kW 
1  ft.lb.   =   1.356  J 

1  h.p.    =  550  x  1.356  =  746  J/s  =  746  W 


Torque  of  electric  motors.  Let  us  recall  that: 


W  =  C'U 


(43.11) 


W  =  power  of  a  motor,  in  watts 

C'=  corresponding  torque,  in  joules 

Q  =  angular  velocity  of  the  motor,  in  radians/s. 


Or,  reverting  to  usual  units: 


(43.12) 


C  =  torque,  in  m  kg  (ft.lb.) 
But  (cf.  eqn.  43.7): 


Q 


2irf  _  2izn 


(43.13) 


P 


p  60 


w  =  angular  frequency  =  2irf  (by  definition). 
Hence: 


C  = 


or,  expressing  power  in  kilowatts: 


C  =  975 


K 


050 


1 


(43.14) 


n 


n  i 


c 

K 
n 


=  torque,  in  m  kg  (ft.lb.) 
=  power,  in  kW  =  W/ 1,000 
=  rotational  speed,  in  r.p.m. 
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This  eqn.  (43.14)  is  used  mainly  for  an  alternator  or  a  synchronous  motor.  Taking  the  effi- 
ciency into  account,  we  have,  for  instance,  for  an  alternator: 

C  =  975  —  (7,050  —  )  (43.15) 

C  -  torque  required  for  driving  the  alternator,  in  m  kg  (ft. lb.) 
K  =  power  developed  at  the  terminals  of  the  alternator,  in  kW 
n   =  rotational  speed  of  the  alternator,  in  r.p.m. 
17  =  efficiency  of  the  alternator  (usually  0.90-0.95). 

Power 

The  number  of  volt-amperes  absorbed  by  a  motor  using  three-phase  a.c.  supply  is  (cf.  eqns. 
43.1  -43.4): 

W  =   C//V3  (43.16) 

W  =  volt-amperes  absorbed 

U  =  r.m.s.  voltage  between  phases,  in  volts 

/    =  r.m.s.  current  in  each  phase,  in  amperes. 

If  we  require  this  figure  in  kVA,  we  shall  have  to  write: 

K1  =    (43.17) 

1,000 


K'  =  input  in  kVA. 

The  corresponding  power  is 


W  =  C//V3  cos  $  (43.18) 


W  =  power  used,  in  watts 

<J>  =  lag  between  the  electromotive  force  and  the  current. 

Cos  3>,  as  already  stated,  is  called  "power  factor",  and  usually  varies  between  0.5  and  0.8. 
Or,  in  order  to  have  the  power  in  kilowatts: 

UI V3  cos  $ 

K  =  (43.19) 

1,000 

K  =  power  consumption,  in  kilowatts. 

It  is  of  interest  to  know  the  relation  between  the  power  absorbed  by  a  motor  and  the  inten- 
sity of  the  current  it  uses.  Since  normally  all  the  motors  in  a  factory  work  on  a  single  voltage, 
it  is  interesting  to  calculate  once  and  for  all  the  constant  term: 

U  V3 

  (43.20) 

1,000 
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in  the  formula  (43.19).  Knowing  cos  $  we  shall  have  directly  the  coefficient: 

t/V~3 

m '  =    •  cos*  (43.21) 

1 ,000 

and  simply  by  multiplying  by  that  value  m '  the  number  of  amperes  read  on  the  motor  am- 
meter, we  obtain  the  power  absorbed  by  the  motor  expressed  in  kilowatts. 
If  we  prefer  to  have  it  in  h.p.  we  shall  calculate: 

m  =  cos  q>  T  cos  <P.  (43.22) 

735  \  746  / 


and  we  shall  then  have: 

P  =  ml  (43.23) 

P  -  power  absorbed  by  the  motor,  in  h.p. 

m  =  coefficient  given  by  formula  (43.22)  or  Table  43.2 

/   =  amperes  absorbed,  read  on  the  motor  ammeter. 


It  will  be  noticed  that,  for  550  volts,  and  cos  4>  =  0.78,  the  number  of  amperes  read  on 
the  ammeter  corresponds  exactly  to  the  number  of  h.p.  absorbed. 

In  the  same  way,  at  220  volts,  the  value  of  m  is  roughly  equal  to  half  cos 

Comment,  The  power  P'  developed  on  the  shaft  of  the  motor  is  obtained  by  multiplying 
the  above  power  absorbed  by  the  efficiency  q  of  the  motor. 

P'  =  qP  (43.24) 


TABLE  43.2 

RATIO  m   =  P/lOP  POWER  IN  H.P.  TO  CURRENT  ABSORBED  IN  A  MOTOR  USING  THREE-PHASE  ALTERNATING  CURRENT 

(British  h.p.;  for  metric  h.p.  multiply  by  1.0147) 

Voltage  at  the  terminals  (V) 

Cos  *  

220        380        440        500  550 


0.8 

0.408 

0.706 

0.816 

0.929 

1.022 

0.7 

0.357 

0.618 

0.714 

0.813 

0.894 

0.6 

0.306 

0.529 

0.612 

0.697 

0.766 

0.5 

0.255 

0.441 

0.510 

0.580 

0.638 

ALTERNATORS 


In  the  standard  type  of  alternator  it  is  the  armature  which  is  fixed:  it  is  then  called  the  stator, 
and  surrounds  the  field  or  inducing  circuit,  which  is  then  called  the  rotor. 
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Fig.  43.6.  Stator  of  alternator  (Fives  Cail  —  Babcock) 
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There  are  two  types  of  rotor: 

(a)  Salient-pole  rotors  (Fig.  43.5) 

(b)  Smooth  rotors,  which  are  found  mainly  where  high  powers  are  concerned. 

The  current  required  for  excitation  is  supplied  to  the  field  circuits  by  a  small  dynamo  pro- 
ducing direct  current,  fixed  to  the  end  of  the  rotor  shaft  (Fig.  43.7)  and  called  an  "exciter". 
The  power  output  of  the  alternator  is  regulated  by  adjusting  the  excitation  current. 

Power  of  individual  alternators 

When  the  capacity  of  the  factory  permits,  it  is  of  advantage  to  divide  the  total  power  require- 
ment between  several  turbo-alternators  so  that  the  individual  capacity  of  each  set  does  not 
exceed  1800  kW,  above  which  it  becomes  difficult  to  obtain  suitable  equipment,  particularly 
safe  circuit-breakers. 

Efficiency 

The  efficiency  of  typical  alternators  in  the  sugar  factory,  which  generally  range  from  300  to 
12,000  kW,  is  of  the  order  of  93.5  -  98.5% . 


Fig.  43.7.  Back-pressure  turbo-generator,  9,500  kW,  7,500/1,500  pm  Adm..  40  bar  eff.,  400°C 

Exhaust,  2.5  bar  eff. 
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ELECTRIC  MOTORS 

Different  types  of  electric  motor  are  distinguished  by: 

(a)  Their  system  of  protection  and  the  cooling  method  which  it  involves 

(b)  Their  windings  and  the  resulting  electrical  characteristics. 

Classification  of  motors  according  to  system  of  protection 

This  classification  combines  protection  of  personnel  against  contact  with  moving  parts  or  live 
conductors,  and  protection  of  the  machine  against  external  material:  solid  bodies,  dust, 
water  or  gases.  The  open  type,  which  involved  risks  to  personnel,  is  no  longer  constructed, 
and  today  we  distinguish  the  following  principal  types: 

(a)  Drip-proof  type  (Fig.  43.8):  drops  of  water  and  objects  falling  vertically  cannot 
penetrate  into  the  motor.  Certain  parts  which  are  alive  or  moving  are  exposed. 

(b)  Protected  type  (Fig.  43. 10):  the  motor  is  protected  against  projection  of  water  or  solid 
objects  which  could  hit  the  machine  at  a  direction  making  an  angle  with  the  vertical  up  to 
60°. 

These  two  types  are  often  provided  with  grilles  (Fig.  43.8),  i.e.  their  ventilation  openings 
are  covered  with  open  grille-work  to  prevent  accidental  contact  or  penetration  of  solid  bodies 
above  a  certain  dimension. 

(c)  The  semi-enclosed  type  (Figs.  43.9,  1  I  and  12):  while  the  machine  is  not  completely  seal- 
ed, exchange  of  air  between  the  interior  of  the  motor  and  the  exterior  is  prevented  except 


Fig.  43.8.  Drip-proof  motor  (Fives  Cail  -  Babcock). 


Fig.  43.10.  Protected  induction  motor  (Jeumont  -  Schneider) 
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at  restricted  openings.  Large  particles  and  drops  of  water  cannot  penetrate;  no  contact  is 
possible  with  live  parts  or  moving  parts. 

(d)  Totally-enclosed  lype:  the  motor  is  constructed  so  as  to  prevent  penetration  of  gas  or 
steam  under  specified  conditions  of  pressure  and  temperature,  or  penetration  of  water  when 
submerged  to  a  specified  depth. 

(e)  Explosion-proof  type:  the  machine  is  constructed  so  as  to  operate  in  an  ambient  at- 
mosphere which  may  become  explosive.  An  explosion  occurring  inside  the  casing  cannot  be 
propagated  to  the  outside  air  (Fig.  43.13). 

Monnier-  estimates  that  with  similar  magnetic  and  electric  circuits,  fully  enclosed  motors 
show,  compared  with  the  earlier  type  of  open  motors,  a  reduction  in  power  output  given  by 
Table  43.3. 

TABLE  43.3 

REDUCTION  IN  POWER  COMPARED  WITH  AN  OPEN  MOTOR 

I  nclosa  ventilated  motor  12% 
Enclosed  motor  with  double  ventilation  20% 
Totally  enclosed  motor  without  ventilation  50% 


Fig.  4.1.1.1    Explosion-proof  motor  (Jeumoiu  -  Scheider) 


1086 


ELECTRICITY 


Ch.  43 


The  enclosed  motor  with  double  ventilation  is  fitted  with  two  fans,  one  moving  the  air  in- 
side the  motor,  the  other  on  the  outside  along  the  fins  of  the  casing. 

Normally,  according  to  requirements,  the  types  used  in  sugar  factories  will  be  the  semi- 
protected,  protected  or  drip-proof  types  wherever  the  atmosphere  is  clean  and  the  risk  of  ac- 
cess of  water  is  slight.  In  countries  with  high  rainfall,  and  especially  in  countries  subject  to 
cyclones,  it  is  advisable  to  choose  preferably  the  protected  and  drip-proof  types,  owing  to 
the  danger  of  wetting  due  to  drops  falling  from  the  roof  or  from  the  skylights,  or  driving 
rain  coming  through  doors  and  windows.  If  the  air  is  loaded  with  dust,  ashes  or  fine  bagasse, 
the  totally  enclosed  motor  is  necessary,  in  spite  of  the  cost.  This  is  the  case  with  the  motors 
driving  the  lateral  tables,  the  auxiliary  carrier,  the  cane  crane,  the  bagasse  conveyors,  and 
all  the  motor  pumps  placed  in  pits  or  in  a  humid  place  and  exposed  to  splashes  or  drips  of 
liquids. 

Classification  of  motors  according  to  their  electrical  characteristics 

According  to  whether  the  speed  of  the  rotor  is  rigorously  tied  to  the  frequency,  we  disting- 
uish: 

(/)  Synchronous  motors,  the  speed  of  which  is  given  exactly  by  line  n  of  Table  43.1. 

(2)  Asynchronous  motors,  which  give  a  torque  only  when  their  speed  is  lower  than  the  syn- 
chronous speed.  These  are  subdivided  into  two  main  groups: 

(a)  Induction  motors,  including: 

Induction  motors  with  wound  rotor  and  slip  rings 
Squirrel-cage  induction  motors. 

(b)  The  commutator  motor. 

We  shall  study  briefly  the  various  types. 
1.  Synchronous  motors 

The  synchronous  motor  is  built  in  exactly  the  same  way  as  an  alternator  and  may  be  con- 
sidered as  an  alternator  used  as  a  motor.  It  has  then  a  direct  current  exciter  (Fig.  43.14). 

The  inducing  rotor  has  a  number  of  poles  obviously  equal  to  the  number  of  poles  of  the 
induced  stator.  When  the  terminals  of  the  armature  are  linked  with  the  supply,  a  revolving 
field  is  produced  in  it,  the  rotational  speed  of  which  is  the  synchronous  speed  given  by  for- 
mula (43.8).  If  the  rotor  is  brought  to  the  same  speed,  the  revolving  field  will  attract  the  cor- 
responding pole  following  it,  and  will  continue  to  carry  it  along.  The  torque,  which  was  nil 
when  the  lag  between  the  revolving  field  and  the  pole  was  zero,  increases  when  that  lag  varies 
from  0  to  half  a  polar  interval.  It  is  then  maximal  and  decreases  when  the  lag  varies  from 
half  to  one  polar  interval.  In  the  last  case,  operation  is  unstable,  since  an  increase  of  the  tor- 
que leads  to  an  increase  in  the  lag,  and  the  motor  falls  out  of  step. 

If  we  draw  the  graph  representing  the  relation  between  the  current  /  in  the  stator  and  the 
excitation  current  i  (Fig.  43.15),  we  obtain  a  V-curve.  The  current  /  is  then  at  a  minimal  for 
a  certain  value  of  /;  below  this  value  the  current  lags  behind  the  electromotive  force  (e.m.f.); 
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at  higher  values  it  is  ahead  of  it.  Hence  an  interesting  property  of  the  synchronous  motor: 
if  over-excited,  it  returns  reactive  energy  to  the  network  instead  of  absorbing  it. 

The  synchronous  motor,  then,  has  the  very  great  advantage  of  improving  the  power  factor 
of  ilit;  factory.  From  the  mechanical  point  of  view  it  has  the  advantage  of  permitting  a  con- 
siderably larger  air-gap  than  the  non-synchronous  motors. 

However,  it  is  very  seldom  used,  because: 

(1)  It  is  difficult  to  handle. 

(2)  It  needs  an  exciter. 

(3)  It  is  difficult  to  start,  and  does  so  only  if  the  resisting  torque  is  very  small,  i.e.  at  most 
15  —  30%  of  the  normal  torque,  according  to  the  starting  method  used.  Otherwise  it  has  to 
be  started  with  the  help  of  a  small  auxiliary  non-synchronous  motor. 


Fig.  43.14  Synchronous  motor. 


Fig.  43.15.  Synchronous  motor.  Variation  of  the  stator  current  /  as  a  function  of  the  excitation  current  i 
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(4)  Even  from  the  point  of  view  of  the  improvement  of  cos  it  can  nowadays  be  replaced 
by  synchronised  or  compensated  non-synchronous  motors,  which  are  more  convenient. 

(5)  It  allows  no  variation  of  speed  (this  characteristic  can,  however,  offer  an  advantage  in 
the  cases  where  a  constant  speed  is  needed). 

(6)  It  risks  falling  out  of  step  when  the  overload  is  heavy.  However,  it  generally  carries  an 
overload  corresponding  roughly  to  a  total  load  double  the  normal  load. 

A  synchronous  motor  could  be  used  for  an  air  pump  or  a  fan;  however,  it  is  not  widely 
used  in  factories.  It  could  also  be  used  simply  as  a  condenser,  by  letting  it  run  without  load, 
in  order  to  improve  the  power  factor.  But  there  are  other  ways  of  obtaining  this  result  {cf. 
p.  1094). 

2.  Asynchronous  motors 

A.  Induction  motors.  These  are  by  far  the  most  important  motors  for  sugar  factories,  and 
practically  all  motors  used  in  most  factories  are  of  this  type. 

Operation.  They  consist  of  a  fixed  inducing  stator,  which  receives  the  current,  and  a  rotor 
which  forms  a  closed  induced  circuit.  The  alternating  current  flowing  through  the  windings 
of  the  stator  creates  a  "rotating  field",  turning  at  an  angular  velocity  Q  given  by  eqn.  (43.13), 
and  corresponding  to  the  rotational  speed  n.  This  rotating  field  intersects  the  rotor  conduc- 
tors and  in  its  turn  causes  in  them  an  induced  e.m.f.  E2.  As  those  conductors  form  a  closed 
circuit,  a  current  h  flows  in  them,  the  intensity  of  which  depends  on  the  reactance  and  the 
resistance  Ri  of  those  windings.  The  torque  produced  by  this  electro-magnetic  action  of  the 
rotating  field  on  the  rotor  is  proportional  to  the  current  Iz. 

Variation  of  torque  with  speed.  Let  us  suppose  R2  is  the  resistance,  considered  as  fixed, 
of  the  rotor.  If  we  draw  the  graph  representing  the  variation  of  the  torque  C  as  function  of 
the  speed  of  the  rotor,  from  the  instant  of  starting  (cf.  formula  43.10): 

n'  =  0         g  =  \ 

up  to  the  maximum  speed,  which  is  that  of  the  rotating  field,  or  synchronous  speed: 

n'  =  n        g  -  0 

we  obtain  a  graph  of  the  form  represented  by  Fig.  43.16.  The  torque  starts  from  a  certain 
value  Co  when  the  rotor  is  stationary,  at  starting,  reaches  a  maximum  CM,  and  tends 
towards  zero  as  the  speed  approaches  the  synchronous  speed.  At  that  speed,  the  rotating 
field,  having  the  same  speed  as  the  rotor,  is  stationary  in  relation  to  it,  and  is  no  longer  cut 
by  the  conductors.  Therefore  there  is  no  variation  of  the  flux  cut,  nor  any  induced  e.m.f. 

Stability.  When  the  load  increases,  the  motor  slows  down.  It  can  be  seen  at  once  that  the 
motor  will  be  able  to  function  only  on  part  MNA  of  the  curve,  at  which  any  reduction  in 
speed  gives  an  increase  in  the  torque.  On  part  AfCo,  on  the  contrary,  a  slowing  down  causes 
a  decrease  in  torque,  and  the  motor  falls  out  of  step  immediately. 
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As  it  is  imperative  to  keep  a  safety  margin  in  order  to  avoid  stalling,  the  motors  are  con- 
structed so  as  to  cope  with  the  normally  accepted  overloads.  This  generally  leads  to  the  adop- 
tion of  a  normal  torque  CN  equal  to  about  half  the  maximal  torque  CM  or  slightly  more: 
{Cy-  50-60%  of  CM).  The  corresponding  slip  g^will  be  about  one-third  of  the  slip  at 
stalling  gM. 

Slip.  It  is  seen  that  the  slip  increases  almost  proportionally  to  the  torque  from  zero  to  the 
maximal  torque  CM. 

The  slip  at  no  load  is  of  the  order  of  0.001;  for  large  motors,  0.0008.  The  motor  thus  runs 
practically  at  synchronous  speed. 

At  full  load  the  slip  is  of  the  order  of  2%  for  large  motors  of  200  h.p.  and  above,  or  in 
general  1.5-3%. 

The  drop  in  speed  between  0  and  10%  slip  is,  at  constant  load,  proportional  to  the  rotor 
resistance2. 

Variation  of  torque  with  rotor  resistance.  We  have  assumed  the  resistance  of  the  rotor  fix- 
ed. If,  by  some  device,  we  make  it  vary,  and  then  draw  on  the  same  graph  all  the  curves 
similar  to  that  of  Fig.  43.16,  we  shall  find  a  family  of  curves  as  shown  on  Fig.  43.17. 
We  see  that: 

(1)  The  smaller  the  resistance  Ri,  the  lower  is  the  starting  torque  Co. 

(2)  The  maximum  torque  Cwis  independent  of  the  resistance  R2  of  the  rotor. 

(3)  The  maximum  torque  CM  corresponds  to  a  speed  n '  increasing  (or  to  a  slip  g  decreas- 
ing) when  resistance  R2  decreases. 

(4)  We  can  always  choose  R2  so  that  the  maximum  torque  CM  is  reached  for  a  given 
speed  n\ 

In  particular,  Ri  can  be  given  the  value  R2  (4)  for  which  the  maximum  torque  is  reached 
at  the  very  beginning  of  the  starting  (n '  -  0). 
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Fig.  43.16.  Induction  motors.  Variation  of  torque  as  a  function  of  speed. 
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Fig.  43.17.  Induction  motors.  Variation  of  torque  as  a  function  of  speed  and  rotor  resistance  R2. 


Types  of  induction  motor.  This  study  enables  us  to  see  the  difference  between  the  two  types 
of  induction  motor.  According  to  whether  or  not  it  is  possible  to  vary  the  resistance  R2  of 
the  rotor,  we  distinguish  between: 

(a)  The  squirrel-cage  induction  motor,  in  which  the  rotor  resistance  R2  is  fixed. 

(b)  The  induction  motor  with  wound  rotor  and  brushes,  in  which  the  resistance  R2  of  the 
rotor  may  be  varied. 

(a)  Squirrel-cage  motor.  The  rotor  consists  simply  of  a  series  of  copper  rods,  linked 
together  at  both  ends  by  copper  rings  (Fig.  43.18). 

As  we  can  see,  this  motor  is  very  simple,  very  strong  and  very  cheap.  It  does  not  require 
any  rheostat,  and  starts  without  any  extra  operation,  simply  by  switching  on.  Its  efficiency 
and  its  cos  4>  values  are  slightly  superior  to  those  of  the  motor  with  wound  rotor. 

But  it  also  has  drawbacks: 

(7)  It  makes  it  necessary  to  choose,  once  and  for  all,  the  resistance  R2  of  the  cage  and,  con- 
sequently, the  curve  of  the  torque  variation.  If  one  needs  a  strong  starting  torque,  an  R2  (3) 
curve  (Fig.  43.17)  corresponding  to  a  high  resistance  will  be  considered.  In  general,  this  is 
the  case  with  high-grade  centrifugals  which  have  to  be  started  rapidly  and  frequently.  If  star- 
ting can  be  effected  at  no  load  or  with  a  reduced  load,  a  curve  of  type  R2  (1)  or  R2  (2)  will 
be  chosen. 


Fig.  43.18.  Squirrel-cage  rotor. 
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(2)  Curve  R2  (4)  cannot  be  chosen,  for  conditions  at  normal  running  would  be  very  bad. 
Consequently  the  resistance  R2  chosen  is  always  too  low  for  starting,  and  a  very  heavy  cur- 
rent h  has  to  be  used  at  that  moment.  Ii  in  the  stator  varies  more  or  less  as  I2,  for  I2  is  the 
main  component  of  A  Consequently  squirrel-cage  motors  require  in  the  stator  a  very  strong 
starting  current,  which  becomes  prohibitive  where  high  powers  are  concerned. 

Those  drawbacks  have  been  remedied  in  two  ways  as  follows: 

(/)  By  star-delta  starting:  the  stator  is  connected  in  delta  for  the  normal  running  and  in 
star  for  starting. 

(2)  By  using  the  double-cage  Boucherot  motor:  the  rotor  is  formed  by  two  superposed 
cages,  the  outside  one  made  of  small  rods,  having  a  high  resistance  and  low  reactance;  the 
inside  one,  made  of  thick  rods,  having  a  low  resistance  and  high  reactance.  The  outside  cage 
gives  a  torque  of  the  G  type  (Fig.  43.19),  maximal  and  preponderant  at  the  moment  of  star- 
ting. The  inside  cage  gives  a  torque  of  the  C2  type,  which  is  preponderant  when  it  nears  the 
synchronous  speed.  It  is  as  if  the  torque  followed  the  variation  C  =  G  +  Ci. 


Fig.  43.19.  Torque  of  Boucherot  motor. 


TABLE  43.4 

SQUIRREL-CAGE  MOTORS.  STARTING  TORQUE  AND  CURRENT  AS  %  OF  VALUES  AT  FULL  LOAD 

Motor  Method  of  starting  Torque  Current 

500-800 
150 

200-400 
110-150 


However,  those  two  remedies  are  only  palliatives,  as  Table  43.4  will  show  us:  it  gives  the 
torque  and  starting  current,  in  %  of  their  value  under  full  load. 

Usage.  The  squirrel-cage  motor  will  be  used  for  preference  whenever  possible,  owing  to 
its  low  cost  and  its  simplicity,  and  because  it  requires  little  upkeep  and  gives  little  trouble. 


0.    .  (  Direct  on  line  100-150 

Singl6Cage  (  Star-delta  40 

r.     1  (  Direct  on  line  160-250 

Double-cage  Boucherot  ^  sua-iAUi  60-70 
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But  its  characteristics  limit  its  use  to  the  following  cases: 

(a)  When  the  speed  required  has  to  be  constant 

(b)  When  the  starting  torque  is  less  than  the  full  load  torque. 

Because  of  its  influence  on  the  factory  network,  at  the  moment  of  starting,  it  will  inten- 
tionally be  used  for  low  rather  than  for  high  powers.  In  general,  the  squirrel-cage  motor  is 
not  used  above  30  or  40  h.p. 

It  is  used  mainly  for  centrifugals  and  for  small  pumps,  and  sometimes  for  cane  carrier 
drives. 

(b)  Motor  with  wound  rotor  and  slip  rings.  This  is  by  far  the  most  common  type  used  in 
sugar  factories.  The  rotor  consists  of  windings  connected  to  three  rings  placed  on  the  shaft 
of  the  motor,  and  corresponding  to  the  three  phases.  By  means  of  three  brushes,  these  rings 
can  be  connected  with  three  variable  resistances,  consituting  a  triple  rheostat. 

When  the  resistance  increases,  the  speed  decreases  proportionately.  The  voltage  drop  oc- 
curring in  the  resistance  should  be  compensated  by  the  rotor,  which  involves  an  increase  in 
slip,  or  in  other  words  a  drop  in  speed. 

The  maximum  value  of  the  resistances  is  chosen  in  such  a  way  that  it  corresponds  to  curve 
R2  (4)  in  Fig.  43.17.  By  applying  the  maximum  resistance  it  is  possible  to  start  with  the  max- 
imum torque,  with  a  relatively  low  current.  Then  the  resistances  are  decreased  gradually  by 
changing  from  one  contact  stud  to  another  on  the  rheostat,  which  corresponds  to  passing 
from  one  curve  to  another  in  the  series  R2  (4),  R2  (3),  R2  (2)  ...  When  the  motor  is  nearing 
the  synchronous  speed,  the  resistances  are  suppressed  by  lifting  the  brushes,  which  leaves  the 
rotor  short  circuited  on  its  own  resistance.  Previously,  the  motor  was  stopped  by  lifting  the 
brushes.  At  present  the  brushes  are  left  permanently  in  contact,  and  a  time  switch  is  used 
to  cut  out  the  resistances  successively  from  the  circuit,  over  a  period  of  5  —  15  seconds.  The 
motor  with  wound  rotor  and  slip  rings  therefore  is  not  so  simple;  it  requires  a  starting  rheostat 
and  a  time  switch.  Its  efficiency  and  its  cos  $  are  slightly  lower  than  those  of  the  squirrel-cage 
motor,  but  it  permits  of  starting  with  a  high  torque,  without  absorbing  excessive  current.  Coil 
resistances  were  previously  used;  at  present  resistances  of  electrolyte  type  are  used,  the  elec- 
trolyte being,  for  example,  soda  solution. 

Torque  and  current  at  starting.  It  is  possible  to  obtain  a  starting  torque  more  than  double 
the  full-load  torque,  if  desired.  Whatever  the  starting  torque  used,  if  it  is  m  times  the  full- 
load  torque  the  corresponding  starting  current  will  be  1.25  m  times  the  full-load  current,  and 
acceleration  will  be  very  smooth  if  the  resistance  in  the  rotor  circuit  is  progressively  cut  down. 

Usage.  The  motor  with  wound  rotor  and  slip  rings  is  used: 

(a)  When  the  speed  requires  slight  adjustments  below  the  synchronous  speed.  The  slip  is 
then  made  to  vary  by  using  the  rheostat.  The  adjusting  margin  is  in  the  range  of  10%  for 
ordinary  motors,  but  it  can  reach  30%  and  even  50%  in  some  specially  designed  motors. 
However,  that  margin  is  obtained  at  the  expense  of  efficiency,  since  the  energy  is  lost  in  heat 
in  the  rheostat. 

(b)  When  the  starting  torque  is  equal  or  superior  to  the  full  load  torque. 

The  wound  rotor  motor  is  used  for  the  mills,  the  vacuum  pumps,  other  larger  pumps  and, 
in  short,  for  almost  all  the  large  motors  in  the  factory. 
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Efficiency  of  induction  motors.  The  efficiency  of  induction  motors  improves  slightly  with: 

Speed 

Power 

Load 

(a)  Speed.  The  influence  of  speed  is  rather  small.  Still,  there  is  an  advantage  in  choosing 
motors  with  the  highest  speed  possible;  but  the  difference  in  efficiency  between,  say,  750 
r.p.m.  and  1,500  or  3,000  r.p.m.  is  little  more  than  1%. 

(b)  Power.  On  the  contrary,  the  effect  of  the  power  is  very  important.  The  optimum  effi- 
ciency is  in  the  range  given  by  Table  43.5. 

TABLE  43.5 


EFFICIENCY  OF  INDUCTION  MOTORS 


Power  (h.p.j 

Efficiency  (approx.)  % 

3-  5 

77-83 

5-  10 

79-85 

10-  20 

82-87 

20-  50 

84-90 

50-  100 

88-91 

100-1,000 

90-92 

Powerf actor.  One  of  the  biggest  drawbacks  of  non- synchronous  motors  is  their  low  power 
factor.  Like  the  efficiency,  the  power  factor  of  induction  motors  varies  with  speed,  power 
and  load. 

(a)  Speed.  The  influence  of  speed  on  cos  $  is  much  greater  than  on  the  efficiency  (c/.Table 
43.6). 

TABLE  43.6 


POWER  FACTORS  OF  INDUCTION  MOTORS  (optimum  cos  $  at  full  load) 


Power  (h.p.) 

Speed  at  full  load  (r.p.m.) 

3,000 

1,500 

1,000 

750 

3- 

5 

0.88 

0.82 

0.75-0.78 

0.73-0.76 

5- 

10 

0.89 

0.83-0.84 

0.78-0.81 

0.76-0.80 

10- 

20 

0.90 

0.84-0.88 

0.81  -0,84 

0.80-0.83 

20- 

50 

0.90-0.91 

0.88-0.89 

0.84-0.87 

0.83-0.86 

50- 

100 

0.91 

0.89-0.90 

0.87-0.88 

0.86-0.87 

100- 

1,000 

0.92 

0.90-0.91 

0.88-0.90 

0.87-0.88 

(b)  Power  has  an  influence  on  cos  $  similar  to  its  effect  of  efficiency. 

(c)  Load.  The  power  factor  always  decreases  at  the  same  time  as  the  load,  slowly  at  first, 
then  rapidly.  It  falls  to  about  0.2  when  the  motor  runs  at  no  load.  Hence  it  is  reasonable 
to  oppose  the  tendency  of  the  manufacturers  to  build  motors  which  are  too  powerful  and 
offer  too  wide  a  safety  margin.  If  they  had  it  their  own  way,  a  factory  would  work  with  an 
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average  cos  <f>  of  0.5.  It  must  be  remembered  that  the  shorter  the  duration  of  the  overloads, 
the  greater  they  can  be,  and  the  power  of  each  motor  installed  has  to  be  carefully  determined. 

Average  power/actor.  In  spite  of  the  precautions  which  can  be  taken,  a  factory  often  func- 
tions with  an  average  power  factor,  shown  by  the  switchboard  at  the  electric  power  house, 
much  lower  than  the  theoretical  value  0.8,  which  is  so  often  quoted  but  rarely  recorded  in 
practice. 

This  is  due  to  the  motors  working  under  variable  load,  which  work  far  below  their  nominal 
power  for  an  important  part  of  the  time,  and  in  particular: 

(a)  The  centrifugals 

(b)  Pumps  regulated  by  a  valve  on  the  discharge. 

The  average  power  factor  in  a  factory  in  which  no  special  system  is  used  to  improve  it  is 
generally  in  the  range  0.6  —  0.7.  Sometimes  it  comes  down  to  0.5,  but  rarely  goes  above  0.75, 
unless  special  measures  are  taken. 

Drawbacks  of  a  low  power  factor.  A  low  power  factor  presents  drawbacks: 

(a)  Unsatisfactory  utilisation  of  the  alternator.  The  output  of  the  alternator  which  pro- 
duces electricity  for  the  factory,  in  the  power  house,  is  limited  by  the  current  /  which  flows 
through  it.  But  the  useful  power  provided  is  only  proportional  to  /  cos  Consequently  if 
cos  <f>  =  0.4,  the  power  the  alternator  will  be  able  to  produce  will  be  only  half  that  which 
it  could  produce  with  a  cos  <J>  =  0.8.  If  that  has  been  foreseen,  it  has  been  deemed  necessary 
to  buy  an  alternator  bigger  than  it  should  be.  If  not,  the  expected  power  will  not  be  available. 

(b)  Increase  in  the  losses  through  the  Joule  effect  in  the  lines;  these  losses  are  proportional 
to  P. 

(c)  Increased  voltage  drop  in  the  alternator  and  the  lines. 

(d)  Decrease  in  the  efficiency  of  the  alternator;  this  can  be  more  than  1%. 

Improvement  of  the  power  factor.  In  order  to  improve  power  factor  we  have  at  our 
disposal  the  following  means: 

(a)  Better  adaptation  of  the  power  of  the  motors  to  the  work  they  have  to  perform. 

(b)  Introduction  of  condensers,  either  at  the  switchboard,  or  preferably  at  the  motors 
responsible  for  the  low  power  factor,  and  in  particular  the  centrifugal  motors,  so  as  to  relieve 
the  corresponding  line  connecting  the  switchboard  to  the  centrifugals,  which  otherwise  would 
remain  overloaded.  In  this  way  the  power  factor  of  that  sector  can  be  brought  up  to  about 
0.95.  The  drawback  of  these  condensers,  however,  is  that  they  are  expensive  and  that  they 
create  risks  of  boosting  the  voltage  when  the  motors  are  being  switched  on  or  off. 

(c)  Use  of  an  over-excited  synchronous  motor  (cf.  Fig.  43.15);  but  the  weak  torque  at  star- 
ting makes  the  use  of  such  motors  difficult. 

(d)  Use  of  synchronised  or  compensated  asynchronous  motors:  these  are  now  hardly  used 
in  industry. 

B.  Commutator  motor.  This  is  the  second  type  of  non-synchronous  motor.  Although  it 
is  much  less  widely  used  than  the  induction  motor,  it  presents  a  certain  advantage  and  has 
found  some  applications. 

In  these  motors  the  rotor,  like  the  armature  of  a  dynamo,  is  connected  with  a  commutator 
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by  brushes,  the  number  of  which  is  equal  to  the  product  of  the  number  of  phases  by  the 
number  of  pole  pairs.  Rotor  and  stator  are  supplied  with  current,  either  in  series  or  shunt 
connection,  from  the  a.c.  supply.  By  modifying  the  position  of  the  brushes,  the  lag  between 
the  e.m.f.  of  the  stator  and  that  of  the  rotor  may  be  altered  at  will,  hence  a  great  number 
of  possible  combinations. 

Advantages.  From  the  point  of  view  of  the  range  of  speed  variation,  the  commutator 
motor  offers  possibilities  much  superior  to  those  offered  by  induction  motors.  Hence: 

TABLE  43.7 

RANGE  OF  SPEED  VARIATION  OF  COMMUTATOR  MOTORS 

Series  motor:  from  0.4  to  1.3  times  synchronous  speed,  say  1  :  3  approx. 
Shunt  motor:     from  0.2  to  1.5  times  synchronous  speed,  say  1  :  8  approx. 


(a)  Wide  range  of  speed  variation4,  see  Table  43.7. 

(b)  Easy  and  very  smooth  starting. 

(c)  Small  variation  of  speed  with  load,  for  the  shunt  motor. 

(d)  Possibility  of  choosing  a  given  speed  for  any  given  load. 

(e)  High  efficiency,  maintained  over  a  large  part  of  the  scale  of  speeds. 

(f)  Very  high  power  factor  for  speeds  around  the  synchronous  speed,  sometimes  reaching 
1  and  even  leading  at  speeds  higher  than  synchronous. 

It  is  the  commutation  which  limits  the  use  of  the  commutator  motor:  good  at  low  speeds, 
it  becomes  bad  above  the  synchronous  speed. 

Usage.  The  commutator  motor  is  the  obvious  choice  every  time  a  wide  range  of  speed 
variation  is  required,  and  especially  when  that  variation  is  expected  without  the  high  losses 
involved  in  the  rheostat  of  an  induction  motor  with  a  wide  range  of  slip. 

It  is  sometimes  used  for  pumps,  and  especially  for  fans  with  adjustable  speed. 

Combinations  of  a.c.  and  d.c.  motors.  In  the  sugar  factory,  these  combinations  are 
employed  only  in  mill  drives.  They  are  discussed  in  Chapter  15. 

Protection  of  electric  motors.  A  prudent  practice,  which  we  recommend,  consists  in  never 
installing  any  motor  of  more  than  7.5  h.p.  without  providing  a  device  comprising  starter 
together  with  overload  and  low  voltage  protection. 

Overload  relays.  However,  we  have  to  watch  continually,  and  fight  against,  certain  tenden- 
cies of  the  employees  in  the  factory:  very  often  the  person  in  charge  of  an  electric  motor, 
because  he  is  annoyed  at  the  circuit  breaker  opening  frequently,  will  modify  the  adjustment 
so  that  it  does  not  open;  but  instead  of  this,  the  reason  for  its  frequent  opening  should  be 
sought  and  corrected,  while  taking  careful  precautions  that  the  protection  which  it  should 
give  is  not  lost. 

It  is  generally  agreed  that  maximum  current  relays  should  function  for  a  current  three 
times  that  corresponding  to  the  normal  continuous  load  of  the  motor. 
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Fig.  43.20.  Group  of  two  condensing  turbo-generators  (40  bar  -  4005C  Extraction  at  1.5  bar). 


Thermal  overload  relays.  Thermal  overload  relays,  on  the  other  hand,  which  operate  by 
heating,  have  to  be  adjusted  for  a  current  only  10-20%  above  that  corresponding  to  the 
maximum  power  which  the  motor  can  provide  for  one  hour  of  sustained  running. 

Maintenance  of  electric  motors 

As  soon  as  the  campaign  is  finished,  the  small  electric  motors  have  to  be  removed,  marked 
for  identification,  cleaned  and  stored  in  a  special  room,  sheltered  from  moisture  and  from 
cyclones.  For  large  motors,  a  hood  of  light  sheet  iron  should  be  built  which  will  cover  the 
motor  completely.  After  cleaning  the  motor,  it  will  be  covered  with  a  sheet  of  impervious 
material  such  as  plastic  or  polythene  fitted  closely  over  it,  and,  thus  wrapped,  will  be  placed 
under  the  metal  hood. 

Before  the  crushing  season  begins,  the  motors  will  be  carefully  dried,  for  example  by  swit- 
ching on  under  the  cover  a  large  electric  lamp  which  gives  out  a  certain  amount  of  heat,  and 
leaving  it  there  for  a  week.  The  motors  will  then  be  run  at  no  load  for  half  a  day  or  a  day, 
or  longer  if  necessary. 

If  a  motor  has  been  splashed  with  juice,  the  windings  will  be  washed  with  a  brush  and  a 
cloth,  until  all  viscous  deposits  have  been  removed.  They  will  then  be  wiped  and  dried 
carefully. 

Cleaning  during  the  slack  season  should  include  blowing  out  the  dust  from  the  spaces  bet- 
ween the  windings.  This  operation  is  readily  performed  with  the  aid  of  an  air  compressor  or 
a  simple  tyre  pump. 

If  the  motors  are  wet  following  a  cyclone,  they  have  to  be  dried  out  as  soon  as  possible 
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in  a  drying  room,  which  can  be  a  makeshift  cabinet  easily  constructed.  The  temperature 
should  not  exceed  90°C  (194°F)  so  as  to  avoid  damage  to  the  insulation. 


CONDUCTORS 

Different  types  of  conductor 

These  may  be  classified  under  two  main  headings. 

A.  Control  cables.  These  are  small  wires  serving  for  control,  regulation  and  metering,  par- 
ticularly for  automatic  equipment.  They  form  the  nerve  system  of  the  factory.  These  conduc- 
tors are  generally  of  copper;  their  cross-section  generally  ranges  between  0.8  and  10  mm2.  They 
are  used  with  insulation  designated  as: 

(a)  V  1000  RO  2V,  for  L.T.  (up  to  1000  V),  International  standard  CE1  502,  consisting  of: 
A  core  of  copper  or  aluminium,  3  conductors 

Number  of  wires  6  to  37 

Insulating  coating  in  PRC  (chemical  polyethylene  reticule)  around  each  conductor 
Elastoplastic  coating  of  the  bundle  of  3  conductors,  or  synthetic  strip 
Exterior  coating  of  black  p.v.e.  (polyvinyl  chloride) 

Usual  cross-section  of  each  conductor  =  1.5,  2.5,  4,  6,  10,  16  or  25  mm2 
This  cable,  if  laid  underground,  should  have  a  protective  metal  sheet. 

(b)  U  1000  RGPFV,  for  L.T.  (to  1000  V);  similar  protection  as  above  with  additionally: 
Water-tight  sheath  of  lead 


Fig.  43.2).  Turbo-generator.  J2,80CkW.  7,500/1,500  r.p.m.  38  bar,  375°C  exhausi  2  bar,  aliernaior  15,000  V 

(Fives  Cail-Babcodcl 
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Armour  consisting  of  paper  coated  with  tar  and  steel  sheath 
External  layer  of  black  p.v.c. 

This  cable  ensures  protection  of  joints  in  the  most  severe  conditions. 

(c)  There  are  other  types  of  cable,  armoured  or  not,  the  specifications  of  which  have  been 
established  by  the  makers. 

B.  Power  cables.  These  are  the  cables  serving  the  motors.  Their  conductors  may  be  of  cop- 
per or  of  aluminium.  For  carrying  equal  current,  the  section  of  aluminium  should  be  50% 
greater  than  that  of  a  copper  cable;  taking  this  fact  into  account,  aluminium  cables  are  lighter 
and  cheaper,  but  more  susceptible  to  corrosion.  The  normal  series  in  French  industry  is 
designated  by: 

(7)  The  letter  U,  conforms  to  the  standard  of  Union  Technique  de  l'Electricite  (U.T.E.); 

(2)  A  number  designating  the  nominal  maximum  voltage  permissible; 

(3)  Letters  indicating  the  nature  of  the  consituents,  such  as: 


B 

=  vulcanised  butyl  rubber 

C 

=  rubber  (caoutchouc) 

E 

=  polythene 

H 

=  hypalon 

J 

=  impregnated  paper 

K 

=  silicone  rubber 

L 

=  ethyl  propyl  rubber 

N 

=  polychloroprene,  or  equivalent 

R 

=  polythene  chemically  reticulated 

V 

=  polyvinylchloride  (p.v.c). 

Fig.  43.22.  Turbo-generator.  12,800  kW,  7,000/1,500  rpm.  43  bar  eff;.  4I5°C.  exhaust  2.5  bar  eff.,  alternator 

15,000  V  (Fives  Cail-Babcock) 

For  L.T.  (U  ^  1,000  V),  for  example,  the  cable  used  is  U  1000  RO  2  V,  which  may  or 
may  not  be  armoured;  for  particularly  severe  conditions:  U  1000  RGPFV.  For  medium  ten- 
sion (U  =  1 ,000  -  30,000  V).  the  cable  used  may  be  EdF  HN  33  S  23,  which  may  be  placed 
underground,  or  HN  33  S  22,  which  should  not  be  directly  underground. 

The  use  of  aluminium  is  developing  rapidly;  it  tends  to  replace  copper. 
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Section  of  the  conductors 

The  cross-section  of  the  electric  wires  and  cables  carrying  the  current  in  the  factory  has  to 
be  proportional  to  the  current  carried. 

It  is  heating  in  the  wires  that  limits  the  carrying  capacity;  and  it  must  be  remembered  that 
a  wire  becomes  heated  through  its  whole  mass,  whereas  it  cools  down  through  its  surface. 
Since  the  ratio  of  the  outer  surface  of  a  given  length  of  wire  to  the  section  of  that  wire 
decreases  when  the  diameter  increases,  the  density  of  current  it  can  carry  decreases  when  the 
diameter  increases. 

The  current  density  is  the  ratio  6  of  the  current  flowing  in  the  conductor  to  the  section  of 
that  conductor: 


It  is  evaluated  in  amperes  per  square  millimetre. 
The  current  density  that  can  be  carried  depends  on: 

(7)  The  limit  of  heating  permissible.  A  temperature  of  65°C  is  generally  accepted  for  im- 
pregnated paper,  70°C  for  polyethylene,  75°C  for  p.v.c,  90°C  for  p.r.c,  or  140°C  for 
silicone  rubber. 

(2)  The  ambient  temperature,  which  can  leave  a  larger  or  smaller  margin  before  reaching 
the  limit  temperature.  In  tropical  factories  estimates  may  generally  be  based  on  40°C,  except 
sometimes  near  a  boiler  or  a  hot  surface. 

Permissible  current  density.  Table  43.8  gives,  in  amperes,  the  current  density  permissible 
for  an  L.T.  cable  suspended  freely  in  the  open  air.  It  depends  on  the  insulation  and  on  the 
protection  of  the  cable.  It  is  stated  in  amp/mm2  of  cross-section  of  each  of  the  three  conduc- 
tors, and  is  thus  to  be  multiplied  by  that  cross-section. 


(43.25) 


TABLE  43.8 


PERMISSIBLE  CURRENT  DENSITY 


Section  (mm2)      Rubber  (amp/mm2) 


U1000RO2V 


U  1000  RGPFV 


10 
25 
50 
120 
240 
300 
400 


4 


1.5 


12 
7 
5 

3.5 
2.8 
2 

1.5 
1.4 
1.2 


16 
10 

7 
5 
4 

2.8 
2.1 

2 

1.6 


15 
11 
8 

5.7 
4.2 
3.1 
2.4 


This  maximum  current  density  applies  for  cables  in  the  open  air  at  30°C.  For  a  different 
ambient  temperature,  the  figures  should  be  multiplied  by  the  following  values  of  coefficient 
k: 
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At  30         35         40         45         50         55  60°C 

k=    1    0.96  0.91   0.8V  0.82  0.76  O.V1 

Similarly,  for  a  cable  in  the  sun: 

With  clear  insulation:  k  =  0.9 
With  black  insulation:    k  =  0.8 

For  adjacent  location  of  cables: 

In  a  group  of:  2  3         4  or  5       6-8      9  and  above 

Horizontal  layer:  k  =  0.85  0.78  0.75  0.74  0.70 
Vertical  layer:  k  =         0.80        0.73        0.70        0.68  0.66 

L.T.  cables,  located  together  in  conduit,  according  to  the  number: 

Number  of  cables:        1  2  3  4  5  6  7  >7 

k  =        1        0.89      0.80      0.75      0.71       0.66      0.60  0.59 


Underground: 


In  soil  at:       20         25  30°C 
k  =        1        0.96  0.93 


POWER  HOUSE 


Electric  power  required 

For  mean  powers  installed,  Tromp3  quotes  for  several  power  stations  in  Cuba  the  figures  in 
Table  43.9. 

TABLE  43.9 

AVERAGE  TOTAL  INSTALLED  POWER  FOR  AN  ELECTRIFIED  FACTORY 

Totally  electrified  30  kW/t.c.h.  =  40  h.p./t.c.h. 

Electrified  except  for  mills  15  kW/t.c.h.  =  20  h.p./t.c.h. 


We  recall  the  values  quoted  in  Table  41.29  (but  these  concern  the  mean  power  used,  and 
not  the  installed  power): 


Mills 

Other  machines 

Total 

Factories  totally  electrified 

12-20 

12-20 

20-40  h.p./t.c.h. 

Factories  with  steam-driven  mills 

12-20 

12-20  h.p./t.c.h. 
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These  figures  are  now  much  exceeded. 

In  his  figures,  Tromp  counted  for  lighting:  0.75  kW/t.c.h.  =  1  h.p./t.c.h. 

Slack  season  power.  During  the  slack  season,  requirements  for  workshop,  distillery, 
lighting,  etc.,  could  be  estimated  at: 

1  h.p./t.c.h 

Of  course,  that  value  is  only  a  rough  indication,  since  the  crushing  rate  of  the  factory  in 
t.c.h.  can  give  only  a  rough  idea  of  the  slack  season  load.  Requirements  for  irrigation  pump- 
ing may  of  course  greatly  exceed  this  figure. 

Transformation  of  power 

We  have  several  times  drawn  attention  to  the  double  transformation  of  power  which  takes 
place  in  the  power  station  of  a  factory. 

Owing  to  the  losses  involved  in  each  transformation;  we  can  say  that,  in  order  to  obtain 
1  h.p.  at  the  shaft  of  an  electric  motor,  we  must  have  close  to  1  kW  at  the  terminals  of  the 
alternator. 

Since  the  efficiency  of  an  electric  motor  with  \  load  varies,  according  to  its  speed  and 
power,  between  73  and  88%,  we  may  count  80%  as  an  average.  Besides,  the  efficiency  of 
the  transmission  line  is  about  0.95  or  0.97.  One  h.p.  applied  to  the  shaft  corresponds  then  to: 

1  hP-  X  -— -^tttt^-  X  0.746  =  0.96  =  1  kW 
F      0.80  X  0.96 

at  the  terminals  of  the  alternator. 
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44.  Pumps 


CENTRIFUGAL  PUMPS 

The  vast  majority  of  pumps  in  the  sugar  factory  are  centrifugal  pumps,  with  direct  coupled 
electric  motors  (Fig.  44.1). 


Fig.  44.1.  Single  stage  electric  pump  "Men-bloc"  (Jeaumonl  -  Schneider). 

Speed 

The  main  drawback  of  such  pumps  is  that  the  speed  of  the  electric  motor  is  fixed  once  and 
for  all.  and  cannot  be  adjusted:  2,900,  1,450,  960  .  .  .  r.p.m.  (50  cycles  alternating  current). 

Adjustment  of  the  output 

The  adjustment  of  the  output  has  then  to.be  done  with  a  valve,  and  that  valve  must  always 
be  placed  on  the  delivery  side  and  not  on  the  suction  side.  Otherwise  cavitation  would  take 
place  leading  to  rapid  wear  of  the  impeller. 

The  power  absorbed  by  a  pump  thus  adjusted  actually  decreases  with  the  output,  although 
of  course  it  does  not  decrease  in  proportion.  But  the  cos  $  of  the  motor  also  decreases  and 
could  fall  very  low. 

However,  adjustment  by  means  of  the  delivery  valve  does  not  always  allow  the  output  of 
the  pump  to  be  regulated  to  suit  the  continual  and  sometimes  substantial  variations  required 
in  output. 

In  order  to  do  away  with  the  continual  attention  and  supervision  required  of  such  a  valve, 
it  is  of  advantage  to  fit  each  pump  with  a  device  consisting  of  a  balanced  valve  operated  by 
a  float,  placed  in  an  intermediate  tank,  and  regulating  the  output  of  the  pump  (Fig.  44.2). 
The  output  is  thus  rendered  proportional  to  the  quantity  of  liquid  arriving  in  the  intermediate 
tank  B.  If  the  level  in  that  tank  is  above  a  certain  mark  M,  the  float  closes  the  valve  com- 
pletely, and  all  the  liquid  is  forced  away  through  the  delivery  pipe  T.  If  the  level  comes  down 
below  N2,  the  float  opens  the  valve  fully  and  all  the  liquid  flows  in  a  closed  circuit  between 
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the  tank  B,  the  pump  and  the  valve.  In  normal  operation  the  valve  recirculates  a  certain  pro- 
portion of  liquid. 

This  device  is  very  useful,  in  order  to  secure  satisfactory  functioning  of  a  centrifugal  pump 
on  mixed  juice,  for  example,  to  avoid  fluctuations  in  the  the  feeding  of  the  units  placed 
downstream  in  relation  to  the  pump. 


Fig.  44.2.  Adjustment  of  the  output  of  a  pump  by  float-controlled  valve. 


Choosing  the  output  of  the  pump 

When  drawing  up  a  project  of  an  installation  which  includes  centrifugal  pumps,  the  designers 
tend  to  provide  for  pumps  the  nominal  flow  of  which  is  25  or  30%  greater  than  the  average 
output  needed. 

It  is  essential  to  provide  a  margin,  so  as  to  face  sudden  variations  in  output,  air  leakages, 
minor  accidents  in  operation,  etc.,  but  an  excessively  wide  margin  sabotages  the  cos  $  of  the 
factory.  We  consider  a  margin  of  15  -  20%  as  a  maximum  is  sufficient  to  avoid  all  troubles. 
For  instance,  in  a  factory  where  the  volume  of  juice  is  100,000  1/h  (12,000  gal./h),  we  shall 
consider  pumps  designed  for  120,000  1/h  (14,000  gal./h).  There  is  no  reason  to  allow  a  wider 
margin;  then  the  impellers  have  to  be  changed  or  repaired  when  they  are  worn  out.  Besides, 
if  the  capacity  of  the  factory  increases  gradually,  as  is  often  the  case,  and  certain  pumps  are 
found  to  be  barely  adequate,  it  is  generally  easy  to  find  another  use  for  them,  in  a  different 
part  of  the  factory. 

This  remark,  of  course,  does  not  apply  to  the  boiler  feed  pumps,  for  which  prudence 
demands  a  substantial  margin  in  the  output  (cf.  p.  998). 

Power 

The  power  absorbed  by  centrifugal  pumps  is  given  by  the  formula: 
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p  -  Q<&  +  h>       (Q(fL±J0\  mi) 

P  =  power  absorbed  by  the  pump,  in  kW 
<2  =  output  of  water  or  juice,  in  kg/s  (lb.s) 
H  =  liquid  head,  total  of  suction  and  delivery,  in  m  (ft.) 
h   =  liquid  head  corresponding  to  losses  of  head  in  the  piping,  in  m  (ft.) 
Q   =  volumetric  efficiency  of  the  pump. 
For  the  efficiency  q  of  the  pump,  we  shall  take: 


Small  pumps:  e  —  0.50 

Medium  size  pumps:  g  —  0.60 
Large  pumps:  g  —  0.70 

Tromp1  gives  the  more  precise  values  of  Table  44.1. 


TABLE  44.1 

MECHANICAL  EFFICIENCY  OF  CENTRIFUGAL  PUMPS 


Output  Efficiency 
(l/min)  (Imp.  gal./min) 


300- 

1,000 

75- 

250 

55 

-65 

1,000- 

5,000 

250- 

1,000 

65 

-70 

5,000- 

15,000 

1,000- 

3,000 

70 

-73 

15,000- 

25,000 

3,000- 

6,000 

73 

-75 

25,000- 

50,000 

6,000- 

10,000 

75 

-80 

Multi-stage  pumps  obviously  have  a  lower  efficiency.  We  must  take  0.35-0.45  for  or- 
dinary pumps,  and  somewhat  more  for  special  pumps. 

Multi-stage  pumps 

The  ordinary  single  impeller  or  single-stage  pumps  can  raise  water  only  up  to  approximately: 
H  =  50  m  (165  ft.)  when  they  have  no  fixed  vanes 
H  =  100  m  (330  ft.)  when  fitted  with  fixed  vanes. 

Consequently,  when  the  head  is  greater  than  100  m  or  10  kg/cm2,  multi-stage  pumps  are 
required.  These  are  simply  single-stage  pumps  arranged  in  series  on  the  same  shaft,  one 
delivering  the  liquid  to  the  other.  In  sugar  factories  they  are  to  be  found  mainly: 

(a)  As  feed  pumps  for  high  pressure  boilers. 

(b)  For  pumping  juice  through  a  battery  of  heaters. 

(c)  As  high  pressure  pumps  for  hydraulic  drive  to  centrifugals,  where  this  is  still  used. 

(d)  As  water  pumps  for  delivery  to  an  elevated  reservoir. 

Suction 

Centrifugal  pumps  are  obviously  limited  where  suction  height  is  concerned. 
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A  head  of  7m  (23  ft.)  is  the  limit,  and  that  only  in  the  most  favourable  cases. 

Hot  water  further  lowers  that  limit.  We  take  from  the  Breguet  catalogue  the  graph  of  Fig. 
44.3,  giving  the  maximum  suction  height  admissible  as  function  of  the  temperature  of  the 
liquid.  We  must  notice  that  from  a  temperature  of  68°C  (155°F),  the  so-called  "suction" 
tank  will  have  to  be  located  above  the  pump. 

The  suction  height  is  counted  as  from  the  shaft  of  the  pump  to  the  level  of  the  liquid  in 
the  suction  tank. 

Above  3  m  (10  ft.)  of  lift,  it  will  be  necessary  to  fit  a  foot-valve. 

Besides,  there  is  always  an  advantage  in  installing  centrifugal  pumps  so  that  they  have  a 
positive  suction  head,  since  they  do  not  self-prime  automatically  as  do  piston  pumps.  When 
working  under  suction  they  always  risk  losing  their  water  if  stoppages  occur,  and  re-priming 
is  sometimes  difficult. 

60       80        100      120       140       150      180      200  212  »F 


10       20      30       40      50       60      70      80       90      100  °C 

Temperature 


Fig.  44.3.  Centrifugal  pumps.  Maximum  suction  height  (or  minimum  positive  head)  according  to  temperature  of 

liquid. 

Net  positive  suction  head 

Problems  posed  by  the  suction  in  a  pump  are  resolved  by  the  calculation  of  the  NPSH,  that 
is,  the  net  absolute  pressure  at  the  point  of  minimum  pressure  in  the  pump.  If  this  head  is 
negative,  it  will  cause  cavitation,  rapid  wear  of  the  impeller  and  failure  of  pumping.  The 
calculated  head  is  then  compared  with  the  minimum  head  required  for  correct  functioning 
of  the  pump,  and  if  the  difference  or  the  net  head  is  positive,  there  will  be  no  cavitation. 
It  is  advisable  to  allow  a  margin  of  safety.  It  is  convenient  to  express  this  pressure  in  terms 
of  the  height  of  a  column  of  the  liquid  to  be  pumped.  It  may  also  be  expressed  in  kg/cm2 
or  any  other  unit  of  pressure. 
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The  net  absolute  head  at  the  pump  consists  of: 

(a)  The  pressure  P  exerted  on  the  liquid  at  the  tank  from  which  it  is  pumped.  If  this  is 
open  to  the  atmosphere,  P  is  the  atmospheric  pressure. 

(b)  The  vapour  tension  0.  This  is  a  negative  element  which  can  decrease  the  available 
pressure  and  which  must  be  deducted  from  the  preceding  figure. 

(c)  The  suction  lift  h.  that  is  the  difference  in  level  between  the  axis  of  the  pump  and  the 
surface  of  the  liquid  in  the  tank  feeding  it.  This  is  also  a  deduction,  unless  the  pump  is  under 
a  positive  head,  in  which  case  this  height  will  be  added  to  the  pressure  P. 

(JJThe  loss  of  head  J  corresponding  to  the  output  of  the  pump,  also  a  deduction. 
These  four  elements  are  to  be  taken  into  account,  following  the  choice  effected,  either  in 
height  of  liquid  or  in  other  pressure  units. 

Example.  Consider  a  factory  at  sea  level,  which  requires  a  pump  to  pump  syrup  from 
ground  level  to  the  second  floor  of  the  factory,  the  difference  in  level  between  the  suction 
tank  and  the  delivery  tank  being  8  m  (this  however  does  not  influence  the  NPSH).  The  syrup 
is  at  60°C  and  its  density  is  1.32.  The  pump  is  0.9  m  above  the  surface  of  the  syrup  in  the 
tank,  the  suction  pipe  is  125  mm  (5  in.)  in  diameter;  its  length  is  6  m  (20  ft.),  and  the  quantity 
to  be  pumped  is  60  t/h. 

NPSH  available:  (a)  pressure  at  the  lower  tank;  it  is  open,  so  this  is  atmospheric  pressure; 
taking  that  as  770  mm  of  mercury: 


770  X  13.6 


Fig.  44.4.  Multi-stage  electric  pump  FM  (Jeumont  -  Schneider). 
(b)  Vapour  tension:  at  60°C  (Fig.  44.3).  it  is  2.3  m  of  water,  or  in  syrup  of  density  1.32: 

6  =  —  =  1.74  m         (5.72  ft.) 


(c)  Suction  head:  this  is  precisely  the  difference  in  level:  pump  minus  tank: 

h  =  0.90  m        (3  ft.) 
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(d)Loss  of  head:  the  flow  of  syrup  per  second  is,  by  weight: 


60,000  . 

q  =    =  16.7  kg/s 

3600  B 


and,  by  volume: 


q'  =  i^Z  =  12.6  1/s        (0.45  cu.ft./s) 


The  velocity  u  of  the  liquid  in  the  suction  pipe: 

u  =   —          =  10.29  dm/s  =  1.029  m/s         (3.32  ft./s) 

0.7854  x  1.252 

The  kinematic  viscosity  v  (Table  45.1  or  more  complete  table): 

v  =  12  X  10  6  m2/s  (129  x  10^6  sq.ft. /s) 

The  Reynolds  number  is  thus: 

uD     1.029  xO.125  in™  ■    ,  , 

R  =  —  =  =  10,720  (dimensionless) 

v  12  x  10-6 


Formula  (45.11)  gives: 


X  =  .  '   =  0.031 

V  100  X  10,720 


Hence  the  loss  of  head: 


1  f)?02  f> 

I  =  0.031  x        x  -  -  -  -  =  0.08  m      (0.26  ft.) 

19.6  0.125 

We  have  finally: 

NPSH  available:  7.93  -  1.74  -  0.90  -  0.08  =  5.21  m         (17.02  ft.) 

The  suppliers  generally  indicate  in  their  catalogues  the  NPSH  necessary  for  proper  opera- 
tion of  the  pump,  as  a  function  of  the  capacity.  It  is  necessary  to  compare  the  available 
NPSH  with  the  required  figure,  to  verify  that  it  is  higher  and  that  the  safety  margin  is  suffi- 
cient. 
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Fig.  44.5.  Single-stage  "Men"  pump  with  protected  motor  (Jeumonl  Schneider) 


Unchokable  pumps 

These  are  centrifugal  pumps  specially  designed  so  as  to  pass  pieces  of  bagasse  the  size  of  those 
which  drop  from  the  mills,  between  the  feed  plate  or  trash  plate  and  the  rollers. 

They  are  sometimes  called  also  "dredging  pumps"  or  "chokeless"  pumps. 

They  have  necessarily  a  very  low  efficiency,  and  cannot  be  regulated  by  a  valve  without 
risk  of  obstruction.  Consequently,  they  should  be  fitted  with  a  variable  speed  motor,  or  an 
airleak  to  the  suction,  to  regulate  the  output. 

Coulter,  an  engineer  at  Naalehu  (Hawaii)  advises  the  use  of  pumps  with  a  capacity  25% 
greater  than  the  maximum  quantity  of  juice  they  may  have  to  handle,  and  with  a  power  50% 
greater  than  the  maximum  theoretically  needed. 

Storrar2  considers  that  no  pump  should  be  classed  as  unchokable  unless  its  suction  and 
delivery  openings  are  at  least  7.5  cm  (3  in.)  in  diameter.  It  follows  that,  in  practice,  un- 
chokable pumps  cannot  be  used  in  factories  of  less  than  40  t.c.h..  especially  those  using  less 
than  15%  of  imbibition.  We  would  even  advise  raising  this  limit  to  80-  100  t.c.h.  and  20%. 


ROTARY  PUMPS 

Use 

Molasses  can  be  handled  by  gear-pumps  (Fig.  46.6),  which  are  very  simple  and  rugged  and 
are  now  constructed  with  direct  coupled  motor  drive  (Fig.  44.7).  They  do  not  require  much 
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Fig.  44.8.  Motor-driven  gear  pump  for  molasses  and  massecuite  (Broquet). 
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attention  and  we  shall  not  study  them  here. 

Massecuite  is  more  difficult  to  handle,  since  crystal  damage  must  be  avoided.  It  may, 
however,  be  satisfactorily  handled  in  gear  pumps  especially  manufactured  (Figs.  44.8  and  44.9) 
as  well  as  in  pumps  of  the  "Rota"  type  (Figs.  44.10,  44. 1 1  and  44.12). 

It  is  a  positive  displacement  pump,  consisting  of  a  rotor  of  elliptical  section  rotating  inside 
the  casing  of  the  pump,  and  on  which  rests  a  spring-loaded  scraper  (Figs.  44.10  and  44.11). 
Its  operation  can  be  readily  understood  from  the  figure. 


Fig.  44  tO.  Rota  pump.  Section. 
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DISCHARGE  BORE 


A 


Fig.  44.11.  Pump  for  massecuite  (Fletcher  and  Stewart). 


Speed 


These  pumps  are  usually  supplied  either  under  the  form  of  a  complete  set  with  motor,  or  with 
a  reducing  gear  and  driving  pulley. 

Speed  reduction  between  pulley  and  pump  is  preferably  done  by  Vee  belts,  or  by  gear  with 
a  leather  pinion.  In  the  case  of  the  motor-driven  pump  there  was  previously  a  first  reduction 
by  worm-gear,  which  lowered  the  efficiency  considerably,  but  much  simplified  the  speed 
reduction.  Today  such  sets  are  sold  with  a  coaxial  speed  reducer,  the  efficiency  of  which  is 
much  higher. 

The  speed  of  the  rotor  varies  from  120  to  150  r.p.m.  for  molasses  and  from  30  to  60  r.p.m. 
for  massecuite. 


Q  =  output  of  the  pump,  in  1/h  (cu.ft./h) 

D  -  diameter  of  the  cylindrical  body,  in  dm  (ft.) 

5    =  section  of  the  rotor,  perpendicular  to  the  shaft  and  expressed  in  dm2  (sq.ft.) 
L  =  width  of  the  barrel,  parallel  to  the  shaft  and  expressed  in  dm  (ft.) 
n   -  speed  of  the  rotor,  in  r.p.m. 
qv  =  volumetric  efficiency. 
We  shall  take  for: 


Output 

We  have: 


(44.2) 


Molasses:  qv 
Massecuites:  e( 


0.70-0.85  according  to  viscosity 
0.60-0.75  according  to  viscosity 


Power 

The  power  absorbed  by  the  pump  is  given  by: 
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P 


V(H+  h)d 

10°emereA, 


/  V(H+  h)d\ 


(44.3) 


P    =  power  absorbed  by  the  motor  of  the  pump,  in  kW 
V   -  volume  of  the  material  pumped,  in  l/s  (cu.ft./s) 
d    -  density  of  the  material  pumped,  in  kg/dm2  (Ib./cu.ft.) 
H  -  total  height  between  suction  and  delivery,  in  m  .(ft.) 

h    -  loss  of  head,  in  m  (ft.)  of  water;  for  very  viscous  liquids  this  term  can  be  very  large 
gti  =  overall  efficiency  of  the  pump  itself 
gr   -  efficiency  of  the  speed  reducer  and  of  the  transmission 
-  efficiency  of  the  electric  motor. 
In  general: 

0.70-0.8C(molasses) 
0.60  -  0.70(massecuite) 


q  is  in  the  range  of 


gf  is  in  the  range  of 
q   is  in  the  range  of: 


0.90  -  0.95  for  two-stage  gearing 
0.50  -  0.6Q  for  one  worm  reduction 

0.80-0.90. 


Suction  and  delivery 

Primed  with  molasses,  which  fills  the  clearances  well,  these  pumps  can  lift  to  2-3  m  (6-  10 
ft.),  corresponding  to  3-4  m  of  water.  They  can  deliver  up  to  20-3G  m  height,  say  3-5 
kg/cm*  (60  -  100  ft.  or  45  -  70  p.s.i.). 


Fig.  44.12.  Rota  pump  (Smith  Mirrlees). 
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Fig.  44.13.  Guinard  screw  pump,  Houttuin  type. 


Application 

They  are  rather  expensive  and  it  is  advisable  to  use  them  only  for  massecuites,  for  which  they 
are  very  useful,  particularly  as  they  do  not  damage  the  crystals.  Once  installed,  they  require 
little  attention  and  upkeep.  The  part  which  breaks  most  frequently  is  the  spring  which  loads 
the  scraper.  It  is  advisable  to  carry  an  adequate  stock  of  spares,  and  to  demand  a  metal  of 
very  good  quality.  In  some  cases  the  spring  can  be  replaced  by  a  counter  weight,  but  this  ex- 
pedient is  not  always  successful. 

SCREW  PUMPS 

These  are  pumps  rather  analogous  to  gear  pumps,  but  in  which  the  volume  displaced  during 
a  rotation  corresponds  to  the  free  space  between  two  threads  of  a  screw.  The  type  most  used 
in  French  factories  is  the  Guinard  double  screw  pump  (Fig.  44.13):  the  engagement  of  one 
screw  with  the  other  assures  separation  of  the  individual  volumes  between  successive  turns 
of  the  screw  and  consequently  prevents  leakage,  that  is  it  ensures  irreversibility  of  the  flow. 
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These  pumps  are  utilised  for  molasses;  their  efficiency  is  of  the  order  of  0.70. 
A  pump  of  similar  design,  well  known  in  British  countries,  is  the  "Mono". 
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45.  Piping  and  Fluid  Flow 


The  flow  of  fluids  in  pipes  is  expressed  by  the  same  laws,  whether  liquid  or  gas  is  concerned. 
This  may  appear  strange  at  first  sight,  but  it  is  due  to  the  important  role  played  by  viscosity 
of  the  fluid;  and  since  viscosity  is  defined  in  terms  of  resistance  to  flow,  it  is  due  to  its  effect 
that  the  formulae  become  unified. 

Since  most  problems  of  gas  flow  in  a  sugar  factory  may  be  easily  resolved  by  the  adoption 
of  recommended  velocities,  we  shall  be  concerned  here  mainly  with  flow  of  liquids.  However, 
once  the  viscosity  is  known,  problems  can  be  solved  in  either  case  by  completely  analogous 
methods. 

In  the  factory,  we  are  concerned  mainly  with  the  following  fluids:  water,  juice,  syrup, 
molasses  (intermediate  and  final),  steam,  carbon  dioxide,  air  and  flue  gases. 


GENERAL  FORMULAE 


A.  Equation  of  flow 

In  any  pipe  transporting  a  liquid,  we  have: 


Q  =         ■  U  (45.1) 


Q  =  volume  flow,  in  mVs  (cu.ft./s) 

D  =  pipe  diameter,  in  m  (ft.) 

U  =  velocity  of  liquid,  in  m/s  (ft./s). 

B.  Pressure  drop 

All  flow  involves  friction,  and  hence  loss  of  energy,  described  in  the  present  connection  as 
"pressure  drop".  We  have: 

[72  T 

Ap  =  Xoj  •  —  •  -  (45.2) 
2g  D 

Ap  =  pressure  drop  of  the  liquid  along  the  pipe,  in  kg/m2  (lb. /sq.ft.) 
X     =  coefficient  expressing  resistance  to  flow  (dimensionless) 
w    =  density  of  the  liquid,  in  kg/m3  (Ib./cu.ft.) 
U    =  mean  velocity  of  flow  of  the  liquid,  in  m/s  (ft./s) 
g     =  9.8  m/s2  (32.16  ft./s2) 
L    =  length  of  pipe,  in  m  (ft.) 
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D    =  diameter  of  pipe,  in  m  (ft.). 
It  is  sometimes  convenient  to  express  a  pressure  drop  in  head  of  liquid.  We  have  then: 

AP  II1  L 

J  =  —  =  X  •  ~  ■  =:  (45.3) 
w  2g  D 

J  =  pressure  drop  (or  loss  of  head)  along  the  pipe,  in  m  (ft.)  head  of  liquid. 
In  the  same  way,  the  head  loss  may  be  expressed  per  unit  length  of  pipe: 

j_      J     \  U2 

J  =  L=D    2g  (45^ 

j    =  unit  loss  of  head,  in  m  per  m  length  pipe  (ft.  per  ft.), 
(For  water,  1  ft.  head  =  62.4  lb./sq.ft.) 

When  the  flow  takes  place  by  gravity,  without  obstruction  or  restriction  at  entry,  exit,  or 
along  the  pipe,  the  loss  of  head  J  is  equal  to  the  difference  of  level: 

J  =  Z  (45.5) 

The  critical  point  consists  in  calculating  X,  which  for  laminar  flow  is  a  function  of  the 
Reynolds  number  only,  but  with  turbulent  flow  is  also  influenced  by  the  roughness  of  the 
interior  walls  of  the  pipe. 

C.  Reynolds  number 

This  is  a  dimensionless  coefficient  which  characterises  the  nature  of  the  flow,  whether 
laminar  or  turbulent: 

R  -  ™  ,45.6, 


R  =  Reynolds  number 
U  =  fluid  velocity,  in  m/s  (ft./s) 
D  =  pipe  diameter,  in  m  (ft.) 

v    =  kinematic  viscosity  of  the  fluid  =  tjg/u,  in  m/s  (sq. ft./s) 
r]    =  absolute  viscosity  of  the  fluid,  in  (lb.s/sq.ft.) 
w  =  density  of  the  fluid,  in  kg/m3  (lb./cu.ft.) 

When  R  <  2,320,  the  flow  is  laminar,  i.e.  the  elements  of  fluid  move  parallel  to  the  cen- 
treline of  the  pipe,  and  the  variation  of  velocity  across  an  axial  section  of  the  pipe  follows 
a  parabolic  law,  the  maximal  velocity  being  that  at  the  centre. 

When  R  >  3,000,  the  flow  is  turbulent,  or  eddying. 

When  R  lies  between  these  two  values,  the  flow  is  unstable  and  may  be  either  laminar  or 
turbulent.  The  values  2,320  and  3,000  are  called  the  upper  and  lower  critical  values  of  the 
Reynolds  number. 
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D.  Viscosity 

The  kinematic  viscosity  v  is  generally  expressed  in  stokes.  In  calculations  for  piping,  the 
M.K.S,  system  (metre,  kilogram-force,  second),  or  the  British  f.p.s  system  are  generally  us- 
ed; the  conversion  is  readily  made: 

1  v  (mVs)  =  10,000  stokes  (cm  Vs) 

1  f.p.s.  unit{sq.ft./s)  =  929  stokes  (45.7) 
1  v  (mVs)  =  10.764  f.p.s.  units 

The  kinematic  viscosity  is  determined  by  means  of  a  gravity  flow  viscosi  meter  (since  it  is 
the  density  of  the  liquid  which  then  provides  the  pressure  difference). 

The  absolute  viscosity  »j  is  generally  expressed  in  poises  in  the  metric  system,  and  conver- 
sion to  British  f.p.s.  units  is  equally  convenient: 

1  rj  (kg  s/m2)  =  98  poises 

1  f.p.s.  unit  (lb.s/sq.ft.)  =  14.89  poises  {  ' 

The  absolute  viscosity  is  determined  by  a  viscosimeter  operating  on  an  applied  force  in- 
stead of  weight  of  the  liquid,  the  "Hoppler"  for  example.  Table  45.1  gives  viscosities  for 
water  and  pure  sucrose  solutions. 

TABLE  45.1 

ABSOLUTE  VISCOSITY  1\  AND  KINEMATIC  VISCOSITY  V  OF  PURE  SUCROSE  SOLUTIONS 


Temperature  (°C) 


20 

30 

40 

50 

60 

70 

.SO 

%  Sucrose 

Absolute  viscosity  rf  x 

10"  (lb.s/sq.ft. 

x  10*  or 

kg  s/mz)' 

0 

1.02 

0.82 

0.67 

0.56 

0.48 

0.42 

0.37 

20 

5.98 

1.52 

1.21 

0.99 

0.83 

0.69 

0.60 

JO 

3.25 

2.42 

1.87 

1.50 

1.22 

1.02 

0.87 

40 

6.29 

4.46 

3.30 

2.54 

2.0! 

1.63 

1.35 

50 

15.73 

10.31 

7.13 

5.17 

3.88 

3,00 

2.39 

60 

59.6 

34.5 

21.4 

14.3 

9.85 

7.12 

5.30 

70 

490.9 

225.9 

116.2 

65.6 

39.8 

25.5 

17.1 

75 

2,373 

910 

397 

197 

107 

62.6 

39 

%  Sucrose 

Kinematic  viscosity  v  x 

W  (sq.ft. /sx 

10*  or  m1Js  x  10"/** 

0 

■  1 

0.80 

0.66 

0.56 

0.48 

0.42 

0.37 

20 

1.80 

1.39 

1.10 

0.91 

0.76 

0.64 

0.57 

30 

2.83 

2.11 

1.64 

1.32 

1.08 

0.91 

0.78 

40 

5.24 

3.73 

2.78 

2.14 

1.70 

1.39 

1.15 

50 

12.55 

8.25 

5.73 

4.17 

3.15 

2.44 

1.96 

60 

45.5 

26.4 

16-5 

11.0 

7.64 

5.55 

4.15 

70 

357.5 

165.2 

85.3 

48.4 

29.4 

19,0 

12.8 

75 

1,688 

644 

285 

142 

77.4 

45.5 

28.5 

*  For  centipoises,  multiply  j?  by  0.98  x  !04. 

**  For  centistokes,  multiply  v  by  106  (hence  figures  in  table  are  centistokes). 
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A  much  more  detailed  table  is  available  in  other  publications12. 

An  impure  solution  of  sucrose  has  a  viscosity  much  higher  than  that  of  a  pure  solution 
of  the  same  brix,  and  very  variable  according  to  the  nature  of  the  impurities.  In  the  absence 
of  better  data,  an  approximate  value  for  the  viscosity  of  a  solution  of  purity p  may  be  deduc- 
ed from  that  of  a  pure  solution  of  the  same  brix  by  taking: 

...      ..  ..  ,    ..         viscosity  of  the  pure  solution  ,.Mr  ns 

VrsccrsTfy  of  mer  rmpure  solution  =   x   100  (45.9) 

It  is  obviously  more  prudent  and  more  dependable  to  measure  the  viscosity  in  the 
laboratory. 

Example.  Brix  of  juice  20°,  purity  85,  at  a  temperature  of  140°F: 

v  =  oje^w^  =  ^ 

0.85 

Calculation  of  kinematic  viscosity.  The  second  part  of  Table  45.1  does  not  allow  of  suffi- 
ciently precise  interpolation.  However,  it  is  possible  by  means  of  the  graph  of  Figure  45.1 
and  the  tables  of  Cane  Sugar  Handbook2  to  calculate  the  kinematic  viscosity  of  a  sucrose 
solution  when  the  temperature  and  concentration  are  known. 

For  example,  take  a  syrup  at  60°C  and  60°  Brix.  The  specific  gravity  of  this  product  is 
given,  for  20°C,  by  Table  16  of  ref.  2:  d  =  1.28908,  and  the  specific  gravity  at  60°  by  Table 
5  of  the  same  Manual.  Since  the  volume  at  60°  is  1.0172  of  its  volume  at  20°,  the  specific 
gravity  is: 

1 28908 

w  =    =  1.2673,  hence  density  is  1267.3  kg/m3 

l.Ui/2 

The  graph  of  Figure  45.1  gives  its  absolute  viscosity: 

9  4 

n  =  9.4  centiposies  =  — —  —  =  0.00096  kg  s/m2 

0.98  x  104 

Its  kinematic  viscosity  is  then: 

i,  •  g_  0.00096  X  9.81 


v  — 


<a  1267.3 


=  0.00000743  mVs 


Having  assumed  Brix  equal  to  sucrose  content,  we  do  not  find  exactly  the  same  values  as 
those  of  Table  45.1. 


E.  Resistance  coefficient  X 

This  coefficient  depends  on  the  nature  of  the  flow,  in  other  words  on  the  Reynolds  number 
R. 
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0  10  20  30  40        50      60      70    80   90  100 


Temperature  -°C 

Fig.  45.1.  Kinematic  viscosity  of  sugar  solutions  as  a  function  of  temperature  and  concentration. 
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(a)  Laminar  flow.  We  shall  take: 


64 

X  =  -  (45.10) 


(b)  Turbulent  flow.  With  turbulent  flow,  X  depends  also  on  the  state  of  the  interior  surface 
of  the  pipe. 


Smooth  pipes.  For  R  <  10s: 


X  =  —L=  (45.11) 

Vigor 


For  R  >  105: 


n  ?7i 

X  =  0.0032  +   (45.12) 

/J  0.237 

Rough  pipes.  When  the  Reynolds  number  is  very  high  (105  -  106,  according  to  roughness), 
we  may  take: 

X  =  0.01  j-J  (45.13) 

D  =  interior  diameter  of  the  pipe,  in  m  (ft.) 

A  =  coefficient  having  the  dimension  of  length,  given  by: 


Pipe  of  new  metal,  relatively  smooth:  A  =  1.5  m  5  ft. 
Pipe  of  new  cast  iron  or  steel:  A  =  2.5  m     8  ft. 

Pipe  of  old  and  rusted  iron:  A  -  5     m    16.5  ft. 


For  intermediate  cases  and  lower  Reynolds  numbers,  X  varies  over  a  relatively  lower  range 
and  assumes  a  value  intermediate  between  those  applying  to  smooth  and  rough  pipes. 


Other  sources  of  pressure  drop 

Further  pressure  drop  is  caused  by  bends  (particularly  elbows),  valves,  and  changes  of  cross- 
section,  and  these  must  be  taken  into  account.  They  may  be  expressed  as  an  equivalent  addi- 
tional length  of  pipe.  Precise  values  are  given  for  each  case  by  Oniga3,  in  a  very  complete 
treatise  on  fluid  flow. 


Example  1.  Checking  a  piping  system 

Data:  D  and  /. 
Unknowns:  U  and  Q. 
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Consider  the  case  of  a  pipe  120  mm  diam.  and  100  m  in  length  conveying  water  from  one 
tank  to  another,  the  water  level  in  the  lower  tank  being  Z  =  2  m  below  that  in  the  upper 
tank. 

We  have  (eqns.  45.4  and  45.5): 

7  2 

j  =  7  =  —  =  0.02  m/m  (ft. /ft.) 

We  require  to  know  the  mode  of  flow  (laminar  or  turbulent),  although  we  do  not  yet  know 
the  liquid  capacity.  We  shall  accordingly  proceed  by  trial  and  error.  We  have  (eqn.  45.6): 

^t/D.      0.120  =M33xl06(/ 
v     0.9  X  10  6 

It  is  to  be  expected  that  R  would  be  very  high,  greater  than  105.  In  this  case,  we  would 
have  (eqn.  45.13): 

/    1    \  0.314 

X  =  0.01   =  0.01  x  2.75  =  0.0275 

\0.12/ 

We  should  thus  have: 

X    U2        „  0.0275  U2 

j  =  —  —  or:    0.02T  =  

J      D    2g  0.120    2  x  9.8 

Hence: 

0.02  x  0.120  x  19.6 
u   -   itt^t  =  1-71  f/  =  1.31  m/s  (U  =  4.447  ft./s) 

Checking  the  mode  of  flow: 

R  =  0.133  X  106  x  1.31  =  174,230  (>  105) 

The  flow  is  then  (eqn.  45.1): 

Q  -  _  •  U  =  -  -0.0148  m3/s  =  14.8  1/s       (0.6  cu.ft./s) 


If  we  had  found  a  value  of  R  leading  to  a  difference  in  the  conditions  assumed,  or  falling 
between  the  upper  and  lower  critical  figures,  it  would  have  been  necessary  to  repeat  the 
calculation,  assuming  different  figures. 


1122 


PIPING  AND  FLUID  FLOW 


Ch.  45 


Example  2.  Calculation  of  diameter  of  a  pipe 

Data:  Q  and  j. 
Unknowns:  D  and  U. 

The  tank  is  situated  12  m  above  a  juice  tank  and  a  flow  Q  of  5  1/s  of  juice  is  required. 
The  length  of  the  pipe  is  L  =  20  m.  What  diameter  D  should  the  pipe  have  to  obtain  the 
required  flow? 

We  have: 

L  20 

We  require  the  value  of  D  which  will  give  us  this  value  of 

We  shall  try  D  =  40  mm,  and  calculate  the  velocity  U  (eqn.  45.1): 

U  =         =  — 4^-5 —  =  3.98  m/s         (13.04  ft./s) 
ttD2      3.14  x  0.42 

Hence  the  Reynolds  number  (Table  45.1,  assuming  brix  =  20°,  and  t  =  40°C): 

R=UD=  3^0040  = 
v       1.10  x  10  6 

This  is  well  in  the  turbulent  region.  If  the  pipe  is  smooth,  we  may  take  (eqn.  45.12): 

0221 

X  =  0.0032  + 

ft  0.237 

log  #0  237  =  0.237  log  R  =  0.237  X  5.16043  =  1.22302.  R*  ™  =  16.712 

X  =  0.0032  +  -n        =  0.0032  +  0.0132  =  0.0164 
16.712 

Hence  (eqn.  45.4): 

X    U1     0.0164  3.982 

/  =  —•—  =  x  =  0.33 

D    2g       0.04  2X9.8 

Trying  D  =  30  mm,  we  find  in  the  same  way:  j  =  1.32,  which  is  greater  than  the  head 
(0.625)  available.  Hence  the  diameter  required  lies  between  30  and  40  mm;  we  shall  adopt 
40  mm. 


Pumping.  The  case  of  a  pipe  for  pumping  liquid  is  much  simpler,  as  there  are  several  solu- 
tions possible  according  to  the  pressure  drop  chosen.  A  velocity  U  from  the  table  of  normal 
velocities  will  be  chosen;  from  this  the  diameter  D  is  calculated,  hence  the  Reynolds  number 
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R,  and  the  resistance  coefficient  X  and  so  the  total  head  loss  /.  A  diameter  and  a  velocity 
giving  an  acceptable  heat  loss  will  then  be  chosen. 

When  water,  juices,  syrup  or  molasses  are  transported  in  the  sugar  factories  by  means  of 
a  pump  or  even,  for  a  short  distance,  by  gravity,  such  calculations  for  the  piping  are  not 
generally  undertaken.  It  is  sufficient  to  choose  a  pipe  diameter  such  as  to  give  a  normal  liquid 
velocity  (see  Table  45.2). 

TABLE  45.2 

NORMAL  VELOCITIES  OF  FLOW  OF  LIQUIDS 


(m/s)  (ft./s) 


Suction 

Delivery 

Suction 

Delivery 

Water 

1  -1.25 

1.25-2.50 

3  -4 

4  -8 

Juice 

1  -1.20 

1.20-2 

3  -4 

4  -6 

Syrup 

0.50-1 

0.75  -  1.25V^' 

1.4-3 

2.5-4 

Molasses 

0.25-0.50 

0.50-0.75 

1  -1.5 

1.5^2.5 

Massecuites 

0.10-0.20 

0.15-0.30 

0.3-0.7 

0.5-1 

FLOW  OF  STEAM  AND  GASES 

Flow  of  gases,  and  in  particular  of  steam,  is  expressed  precisely  by  the  same  laws  as  apply 
to  the  flow  of  liquids,  and  follows  the  same  formulae  given  above.  We  give  (Tables 
45.3-45.5)  the  necessary  properties  of  the  principal  fluids  handled  in  the  sugar  factory. 

Normal  velocity  for  steam 

In  the  sugar  factory,  steam  pipes  are  seldom  calculated  by  determining  pressure  drop.  It  is 
generally  considered  sufficient  to  adopt  a  diameter  giving  a  velocity  considered  normal  for 
steam.  However,  there  is  not  general  agreement  on  these  normal  values,  and  we  give  below 
(Table  45.6)  those  generally  accepted  by  European  designers  as  well  as  those  employed  by 
American  manufacturers  and  indicated  by  Tromp7. 

The  longer  the  distance  the  steam  has  to  flow,  the  lower  the  velocity  we  shall  choose  for 
the  steam,  so  as  to  avoid  excessive  pressure  drops. 

Hausbrand8  gives  formulae  for  calculating  pipe  sizes  by  determining  the  pressure  drop. 
Those  formulae  are  similar  to  those  given  above,  and  like  them  are  little  used  in  practice. 
However,  for  a  given  velocity  of  steam  and  a  given  pressure,  the  pressure  drop  increases 
rapidly  when  the  diameter  of  the  pipe  decreases.  From  the  point  of  view  of  the  loss  of  head, 
which  is  obviously  the  most  important  consideration,  it  is  therefore  logical  to  adopt  a  higher 
velocity  for  the  steam  as  the  section  of  the  pipe  becomes  greater.  In  that  respect  the  values 
given  in  Table  45.6  are  an  oversimplification,  and  should  be  replaced  by  velocities  taking  into 
consideration  the  diameter  of  the  pipe. 

This  can  be  very  simply  done  by  adopting  the  general  formula: 


V  =  5  V  D         (26  V  D) 


(45.14) 
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V  =  speed  of  the  steam,  in  m/s  (ft./s) 
D  =  diameter  of  the  pipe,  in  cm  (in.). 


TABLE  45.3 


DENSITY  AND 

VISCOSITY 

OF  AIR 

Temperature  (°C) 
(°F) 

20 
68 

40 
104 

60 
140 

80 
176 

100 

212 

Density  (kg/cm2) 
(Ib./cu.ft.) 

1.205 
0.0752 

1.129 
0.0704 

1.060 
0.0661 

1 

0.0624 

0.946 
0.0590 

Absolute  viscosity 
ij  (10"6kg  s/m2) 

1.856 

1.953 

2.046 

2.140 

2.227 

Kinematic  viscosity 
v  (10'6  mVs) 

15.10 

16.95 

18.94 

20.95 

23.10 

Example.  Viscosity  v  of  air  at  100°C  (212°F):  v  =  0.0000231  mVs  = 
0.0000231  x  10.764  =  0.000249  f.p.s.  unit  (see  eqn.  (45.7)). 


TABLE  45.445 


KINEMATIC  VISCOSITY  V  OF  STEAM  (10    5  mVs) 


Absolute  pressure p  (kg/cm2) 

1 

2 

6 

10 

20 

30 

(p.s.i.g.) 

14.7 

28 

85 

142 

285 

427 

Gauge  pressure  p ' 

(p.s.i.g.) 

0 

14 

70 

127 

270 

412 

100°C 

212°F 

22 

120°C 

248  °F 

24.8 

12.3 

160°C 

320°  F 

30.2 

15.1 

200°C 

392°F 

18 

5.1 

3, .8 

220°C 

428°F 

6.7 

4,.2 

2.4 

300°C 

572°F 

9.1 

5. .7 

3.1 

2.4 

350°C 

662°F 

6..7 

3.7 

2.9 

400°  C 

752°F 

4.4 

3.3 

Example. 

Viscosity  v  of  steam  at  427  p.s.i.a. 

,  752°F  : 

v  =  0.000  0033  x 

10.764  = 

0.0000355 

f.p.s.  unit. 

TABLE  45. 56 

KINEMATIC  VISCOSITY  V  OF  CO2  AND  SO2 

(10^ 6  mVs,  at  760  mm  Hg) 


Temperature  (°C)  50           100           150  200  300 

(°F)  122          212          302  392  572 

C02  9.7  12.8  16.3  20.1  28.6 

S02  5.7           7.6           9.8  12.3  17.6 
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TABLE  45.6 

NORMAL  VELOCITIES  FOR  STEAM  AND  GASES 


(m/s)  (ft./s) 


American  European  American  European 
practice  practice  practice  practice 


Superheated  steam 

40 

-75 

40 

-65 

'  130 

-250 

130- 

210 

Saturated  steam 

25 

-35 

25 

-30 

80 

-  120 

80- 

■100 

Exhaust  steam 

30 

-45 

30 

-40 

100 

-  150 

100- 

130 

Bled  vapour 

35 

-(50) 

35 

-50 

120 

-(160) 

120- 

■160 

Vapour  under  vacuum 

(45) 

-60 

50 

-80 

(150) 

-200 

160- 

250 

Compressed  air 

20 

-30 

60 

-  100 

Air  under  vacuum 

12 

-  18 

40 

-  60 

SO  2 

20 

-30 

60 

-  100 

co2 

12 

-30 

40 

-  100 

This  formula  may  be  applied  for  all  steam  pressures.  In  reality  the  coefficient  5  (26)  should 
be  replaced  by  a  coefficient  increasing  slightly  with  the  pressure  of  the  steam. 

In  practice,  a  calculation  will  first  be  made  from  eqn.  (45.14),  then  the  velocity  indicated 
by  Table  45.6  will  be  adopted,  taking  advantage  of  the  range  given  in  the  table  to  approach 
the  value  furnished  by  eqn.  (45.14).  In  the  case  of  a  large  discrepancy,  the  complete  calcula- 
tion should  be  made. 
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46.  Automation  and  Data  Processing 


It  is  not  easy  to  consider,  in  the  space  available  in  this  chapter,  all  the  questions  arising  from 
automation  and  data  processing  in  the  manufacturing  process.  We  are  restricted  to  a  con- 
sideration of  the  essential  elements,  considering  concrete  cases  and  separating  from  them,  as 
far  as  possible,  various  problems. 

The  classic  example  of  automation  of  the  sugar  boiling  process  will  be  examined  first;  this 
will  permit  certain  difficulties  to  be  sorted  out,  so  as  to  locate  priorities  and  draw  several  con- 
clusions. 

We  shall  then  be  equipped  to  tackle  a  more  general  plan  and  consider  the  problem  of 
automation  in  its  modern  context.  In  this  connection,  we  first  pay  attention  to  the  needs  ex- 
perienced and  the  methods  available  for  operation,  then  we  aim  to  show  how  practical  solu- 
tions can  be  reached.  The  important  criteria  will  be  applied  in  the  search  for  an  effective 
system,  characterized  by  a  structure  of  which  details  will  be  given. 

At  this  stage  in  the  development  of  this  treatment,  it  is  appropriate  to  consider  an  example, 
which  will  treat  the  technical  aspects  of  the  crystallization  station.  This  consideration  of  a 
concrete  case  finally  allows  us  to  emphasise  the  importance  of  the  control  of  manufacture 
in  general  and  to  indicate  how  we  can  combine  operation  and  control. 


A  HISTORICAL  EXAMPLE:  OPERATION  OF  SUGAR  BOILING 

Analysis  of  the  process 

For  a  detailed  description  of  the  process  itself,  the  reader  is  referred  to  the  chapter  on  Sugar 
Boiling.  Here,  we  consider  only  the  aspects  of  particular  interest  for  our  subject,  reviewing, 
for  example,  the  most  complete  case  of  graining  charges. 

Immediately  after  the  formation  of  grain,  the  minute  crystals  which  form  in  the  super- 
saturated thick  juice  present  a  very  minute  surface  area.  The  super-saturation  of  the  solution 
then  depends  solely  on  the  conditions  of  evaporation  and  feed  of  the  liquor  (thick  juice  or  green 
syrup);  the  quantity  of  sugar  which  deposits  on  the  crystals  can,  in  effect,  be  considered  negligi- 
ble. During  this  phase  of  the  process  it  is  necessary  to  avoid  the  formation  of  false  grain,  by 
constantly  controlling  the  super-saturation  and  varying  the  feed  of  liquor. 

As  the  operation  proceeds,  the  situation  changes.  The  surface  area  presented  by  the 
crystals  becomes  more  and  more  important,  so  chat  the  system  gradually  becomes  self- 
stabilizing  as  regards  super-saturation:  every  increase  in  the  sucrose  concentration  in  the  li- 
quid phase  causes  an  increase  in  the  speed  of  crystallisation,  which  limits  the  increase  in 
super-saturation.  The  objective  is  to  obtain  a  massecuite  containing  the  desired  crystal  con- 
tent at  the  end  of  the  operation;  this  can  only  be  obtained  by  allowing  the  super-saturation 
to  "float".  It  is  thus  necessary  to  maintain  a  uniform  super-saturation  at  the  beginning  of 
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the  operation,  and  then  to  control  the  strike  in  such  a  manner  that,  at  the  end  of  the  opera- 
tion, we  obtain  the  desired  crystal  content. 

Control  properties  (sensors) 

It  is  readily  seen  that  several  characteristics  of  the  massecuite  will,  at  the  beginning  of  the 
strike,  be  only  partly  influenced  by  the  crystal  content,  the  mass  of  which  is  then  negligible, 
while,  at  the  end  of  the  strike,  they  will  be  strongly  influenced  by  the  crystal  content.  By 
choosing  a  suitable  physical  property  of  the  massecuite,  it  should  then  be  possible  to  maintain 
control,  at  the  beginning  of  the  strike,  of  the  super-saturation  and,  during  the  course  of  the 
strike,  of  a  parameter  which  is  decreasingly  dependent  on  super-saturation  and  increasingly 
dependent  on  the  crystal  content.  The  properties  utilised  for  control  of  the  process  will  be 
termed  "control  properties"  or  "sensors".  The  main  ones  are  the  following. 

Boiling  point  elevation.  This  property  depends,  in  effect,  on  the  concentration  of  solid 
matter  in  solution.  At  the  beginning  of  the  strike,  it  is  a  good  indication  of  the  super- 
saturation.  As  the  charge  proceeds,  the  concentration  of  non-sugars  in  the  mother  liquor  and 
the  consequent  increase  in  solubility  of  the  sucrose  means  that,  at  constant  super-saturation, 
the  boiling  point  of  the  mother  liquor  increases  as  exhaustion  increases  (the  effect  is  self- 
amplifying  for  each  rise  in  temperature  of  the  mother  liquor  involves  an  increase  in  the 
solubility).  The  value  of  the  boiling  point  elevation  is  thus  indirectly  influenced  by  the  crystal 
content  of  the  massecuite. 

This  effect  depends  on  the  content  of  non-sucrose.  In  practice,  the  Clergel  purity  of  the 
massecuite  should  be  below  88  in  order  to  render  the  boiling  point  elevation  conveniently 
useful. 

Conductivity.  The  effects  ruling  here  are  analogous  to  those  described  in  the  preceding 
paragraph.  Although  the  volumetric  concentration  of  ions  increases  slightly  during  the 
course  of  the  strike,  the  decrease  in  their  mobility  (increase  in  viscosity),  due  to  the  increase 
in  proportion  of  material  in  solution  in  the  mother  liquor,  causes  a  decrease  in  conductivity. 

Experience  shows  that  the  latter  is  a  good  parameter  provided  the  Clerget  purity  of  the 


Fig.  46.1.  Example  of  viscosity  sensor  ("Viscovib"  made  by  Sereg). 
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massecuite  is  below  92.  The  electrodes  should,  of  course,  be  cleaned  periodically;  daily  clean- 
ing may  be  necessary. 

Viscosity  of  massecuite.  Rheology  measurements  have  given  very  good  results,  including 
those  on  pure  solutions.  Siline  has,  moreover,  shown  that  the  values  are  very  much  influenced 
by  the  crystal  content. 

Apparatus  for  determining  rheology  is  mechanical,  and  consequently  rather  expensive  and 
involving  some  maintenance.  Various  manufacturers,  however,  offer  satisfactory  equipment: 
Siemens,  Fischer  &  Porter,  Sereg,  etc.  (Fig.  46.1). 

It  will  be  noted  that  viscosity  and  conductivity  still  give  good  bases  for  control  even 
if  the  vacuum  varies  slightly,  whereas  boiling  point  elevation  requires  a  very  constant  vacuum 
to  give  useful  control. 

Solutions  proposed 

As  these  are  familiar  we  shall  recall  only  their  main  characteristics.  Figure  46.2  shows  the 
operations  relative  to  a  graining  charge;  those  corresponding  to  a  magma  charge  are  readily 
deduced  from  these. 

A  sequence  of  automatic  controls  applies  vacuum  to  the  pan  and  controls  the  introduction 
of  footing  to  the  pan.  The  steam  valve  is  then  opened  and  the  operations  of  concentration, 


Fig.  46.2.  Detailed  diagram  of  graining  strike  operation. 
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graining  and  growth  of  the  crystals  take  place  as  indicated  in  the  diagram.  The  degree  of  con- 
trol is  then  adjusted  to  definite  values  depending  on  the  liquid  level,  by  regulating  the  intake 
of  thick  juice  or  green  syrup.  Vacuum  and  steam  pressure  are  generally  controlled  from  start  to 
finish  of  the  operation. 

As  regards  equipment,  a  control  cabinet,  or  a  microprocessor  (Fig.  46.3),  controls  the  se- 
quential operations  or  transmits  instructions  to  the  controllers.  The  actuating  devices  (valves, 
jacks,  etc.)  are  driven  either  directly  from  the  control  cabinet,  or  by  controllers. 

Conclusions 

Several  conclusions  may  be  drawn  from  the  preceding  example  as  developed.  For  satisfactory 
realisation  of  automation  of  pan  boiling,  it  is  necessary: 

(a)  to  analyse  the  industrial  process  very  accurately 

(b)  to  establish  relations  between  the  magnitudes  serving  as  reference  and  the  state  of  the 
massecuite  at  different  stages  of  the  operation 

(c)  to  study  the  sequential  mechanism  of  the  industrial  process  in  detail. 

In  all  of  the  following  discussion,  we  shall  rediscover  the  necessity  for  a  very  strict  analysis 


Fig.  46.3a  Control  cabinet  for  vacuum  pan. 
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Fig.  46.3b.  Example  of  a  boiling  control  cabinet. 


of  the  conditions  but,  as  we  shall  be  increasingly  concerned  with  the  control  of  items  of 
equipment  and  complete  stations  in  the  factory,  the  analysis  of  physical  phenomena  will 
become  less  important  than  that  of  the  management  of  the  equipment  as  a  whole. 

Our  example  demonstrates  the  structure  of  automation:  the  actuating  mechanism  receives 
its  orders  from  the  controllers  or  the  control  cabinet,  the  controllers  themselves  are  instructed 
by  the  control  cabinet  and  it  is  the  operator  (such  as  sugar  boiler)  who  decides  the  general 
starting  and  operation  of  the  equipment.  This  order  of  predominance  (hierarchical  structure) 
of  the  factors  will  be  specified  in  detail  and  developed  in  the  following  sections  (Fig.  46.4). 


Boiler 


Sensors 
Actuators 


Fig.  46.4.  The  notion  of  hierarchical  structure  (C  =  controller). 
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MODERN  CONCEPTS  OF  AUTOMATION 

Specific  needs  of  the  sugar  process 

Technical  aspects.  A  fundamental  element  is  the  sequence  of  operation  of  the  various  in- 
stallations. The  seasonal  character  of  the  process  necessitates  a  choice  of  arrangements  adap- 
table to  continuous  service  (24  hours  per  day)  for  a  long  period,  but  also  (what  at  first  sight 
appears  paradoxical)  for  the  complete  shutdown  of  the  plant  for  a  period  of  some  months. 

On  the  other  hand,  the  complexity  of  the  system  as  a  whole  is  such  that  a  total  interruption, 
even  momentary,  of  the  automation  plant,  is  unacceptable.  Solutions  have  to  be  found  where 
this  is  impossible.  We  shall  be  prompted  in  the  following  text  to  quote  this  particular  impor- 
tant element  explicitly  or  briefly,  several  times. 

Having  indicated  these  constraints,  we  may  remark,  on  the  other  hand,  that  the  time  of 
response  in  the  process  is  relatively  long,  which  constitutes  a  favourable  element. 

Finally,  although  this  may  not  be  the  main  object  of  the  present  chapter,  we  cannot  ap- 
proach the  problems  of  automation  encountered  in  the  sugar  factory  without  quoting  the 
need  of  this  industry  in  specific  sensors.  The  unstable  nature  of  the  raw  material,  the 
peculiarities  of  certain  sections  of  the  manufacturing  process,  the  importance  of  certain  aux- 
iliary operations  (power  production,  control  of  waste  products,  etc.)  justifies  the  importance 
attached  by  specialists  to  measuring  devices  which  are  not  found  in  any  other  industry.  Ac- 
cording to  the  particular  case,  it  may  be  necessary  to  modify  existing  sensors  or  to  study  and 
put  into  operation  new  instruments.  These  different  elements,  relative  to  industrial  applica- 
tions, have  been  illustrated  by  the  example  of  sugar  boiling. 

Economic  factors.  The  cost  of  the  equipment  is  obviously  important.  However,  considera- 
tions of  efficiency  and  reliability  must  never  be  sacrificed  to  it;  it  is  also  necessary  to  take 
into  account  costs  of  operation  and  maintenance.  The  investments  involved  are  by  no  means 
negligible  and  the  installation  of  the  equipment  should  be  undertaken  in  a  progressive  man- 
ner, fitting  in  with  the  general  plan. 

Problems  of  personnel.  It  is  equally  important  to  undertake  progressive  installation,  to 
avoid  complete  discord  between  personnel  and  the  process.  It  is  then  desirable  to  plan  the 
phases  systematically  for  the  adaptation  of  personnel  who  are  concerned  with  the  necessary 
changes. 

Evolution  of  available  equipment 

Looking  back  a  few  years,  we  see  that  sugar  factories  were  reluctant  to  adopt  electronic  and 
industrial  information  processing  equipment,  a  reticence  which  appears  justified.  At  that 
stage,  electronics  were  not  sufficiently  robust  for  adaptation  to  the  needs  of  our  industry; 
information  equipment,  moreover,  was  cumbersome  in  size,  and  its  application  posed 
numerous  problems.  Automatic  control  of  the  factory  was  then  the  domain  of  pneumatic 
devices  and  associated  relays.  These  techniques  have  now  been  well  mastered  by  the  factories, 
so,  in  the  following  discussion,  we  are  now  mainly  concerned  with  electronic  information 
systems  which  are  in  a  state  of  fundamental  change. 
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[n  the  1970s  a  veritable  technological  revolution  took  place  in  the  field  of  micro- 
electronics. The  appearance  of  large-scale  integrated  circuits  (L.S.I.)  and  their  integration  in 
many  outlets  has  had  an  important  impact  on  industrial  applications.  It  will  be  seen  thai  this 
influence  was  predominantly  concerned,  in  the  first  place,  with  the  equipment  or  "hard- 
ware" (i.e.  the  units  of  equipment:  the  components,  sub-assemblies  and  machines).  In  this 
domain,  new  components  are  appearing  more  and  more  frequently:  the  micro-processor,  an 
integrated  circuit  which  constitutes  the  central  unit  of  an  automatic  control  or  data  process- 
ing machine  (Fig.  46.5).  The  equipment  developed  around  it  covers  the  whole  field  of  ap- 
plications: information  sensors,  controllers,  measuring  equipment,  programmable  sequencers, 
micro-ordinators,  auxiliary  equipment,  etc.  The  introduction  of  the  micro-processor  in  these 
items  of  equipment  leads  10: 

(a)  an  improvement  in  reliability 

(b)  a  reduction  of  dimensions 

(c)  a  reduction  in  cost. 

As  regards  the  logic  or  "software",  that  is  the  programming  of  the  tasks  undertaken  by 
the  equipment,  this  has  lagged  slightly,  but  is  still  equally  substantial.  We  may,  in  general, 
say  that  the  techniques  have  become  industrialised:  the  methods  of  operation  are  becoming 
systematic  and  the  results  to  which  they  lead  are  sufficiently  reproducible  to  give  a  precise 
idea  of  costs. 


Fig.  46.5.  A  microprocessor,  the  heart  ot'  a  central  processing  unit. 

Some  practical  recommendations 

We  indicate  below  a  few  factors  which  are  rclevanl  to  the  industrial  application  of  hardware 
and  software. 

Standardisation.  Although  there  is  considerable  room  for  improvement  in  standardisation, 
it  is  already  possible  to  select  standard  components:  an  example  which  concerns  interfaces 
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between  computerised  machines,  is  the  "serial-asynchronous"  mode,  for  which  an  interna- 
tional standard  exists  (RS-232C  of  the  Electronic  Industries  Association,  Comite  Consultatif 
International  Telegraphique  et  Telephonique  ruling  V24,  type  TTY  (Teletype)  for  current 
transmission,  etc.).  This  is  an  important  interface  mode  satisfying  most  of  the  industrial 
requirements  discussed  above  (its  poor  performance  in  some  aspects,  e.g.  transmission  speed, 
has  little  importance  in  industries  such  as  ours)  (Fig.  46.6). 

Industrial  application  of  hardware.  This  covers  the  requirement  of  efficient  systems  that 
are  easy  to  maintain. 

These  should  be  based  on  practical  features  such  as  modular  elements,  that  is,  where  inter- 
changeable parts  allow  easy  development  of  units  with  facilities  for  trouble- shooting  and 
rapid  repair  of  breakdowns. 

With  regard  to  inputs  and  outputs,  we  must  also  emphasize  the  importance  of  galvanic  in- 
sulation; an  item  which  has  been  designed  in  a  laboratory  for  automation  may  not  be  suitable 
to  the  environment  of  industrial  production.  Insulation  for  more  than  100  volts  between 
analogue  channels  is  sometimes  needed  in  tropical  climates. 

Industrialization  of  software.  This  covers  the  requirement  of  systematic  methods  in  "pro- 
gramming" and  the  provision  of  what  the  specialists  call  "software  maintenance",  that  is, 
the  capability  of  adaptation  to  process  modification.  We  advocate  the  use  of  a  method  called 
"structured  programming"  for  this  double  purpose,  consisting,  in  particular,  of  a  pro- 
gressive transfer  of  the  general  problem  towards  detailed  solutions;  at  each  stage  of  the 
transfer,  the  task  is  divided  into  smaller  tasks  of  which  the  function  is  precisely  defined.  The 
reader  is  invited  to  refer,  for  more  complete  information,  to  specialized  works  such  as 
"Methods  of  Programming"  by  B.  Meyer  and  C.  Baudoin,  published  by  Eyrolles,  or  to  the 
equivalent  works  in  English. 
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Transmission   speed  (bauds) 

Fig.  46.6.  Field  of  application  of  serial  transmission  (the  baud  is  the  unit  of  application  of  serial  transmission 

1  bit/s). 
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Standardization  of  language.  Once  the  analysis  is  carried  out,  the  application  must  be 
"coded",  that  is,  translated  into  a  program  that  the  machine  can  understand.  An  "advanced 
language"  should  be  chosen  for  the  purpose,  such  as  FORTRAN,  BASIC,  PASCAL,  etc., 
which  considerably  improves  the  ease  of  software  maintenance.  With  regard  to  the  sugar  in- 
dustry we  suggest  the  retention  of  BASIC  because  of  its  universal  nature  (to  scientific  ap- 
plications, real  time,  management,  etc.)  and  particularly  because  it  can  be  learnt  easily  by ' 
non-specialized  personnel. 

Importance  of  dialogue.  We  shall  finally  say  a  few  words  on  the  importance  of  dialogue 
in  modern  industrial  processes  -  the  exchanges  in  conversational  mode  between  the 
machines  themselves  and  also  between  machines  and  operators.  Preference  should  be  given 
to  methods  that  specialists  call  "interactive",  that  is,  organized  for  question  and  answer 
with,  for  example,  menus  that  offer  choices  to  the  users;  the  instructions  for  use  in  some  way 
form  part  of  the  machine  itself. 

A  STRUCTURE  OF  AUTOMATION 

Work  has  been  performed  and  is  still  continuing  throughout  the  world  on  automation  of  the 
various  sections  of  the  sugar-making  process.  Associations  such  as  ISSCT  or  CITS  report 
regularly  on  automation  during  their  conferences  and  a  number  of  authors  have  written  com- 
prehensive reports  on  the  subject.  For  our  part,  we  have  tried  to  organize  automation  and 
optimization  of  this  industry  and  have  defined  an  overall  approach  which  we  now  give  as 
an  example. 

Organization  of  automation 

The  structure  offered  is  primarily  based  on  the  process  itself  and,  more  precisely,  on  the 
traditional  division  into  "stations",  for  example,  extraction,  purification,  evaporation, 
crystallization,  etc.  Rather  than  adopting  a  highly  centralized  organization  in  which 
automatation  is  entirely  entrusted  to  a  very  powerful  system,  the  tasks  are  divided  into  a 
number  of  facilities  of  small  size  which  are  described  as  "divided"  or  "distributed". 

Several  successive  levels  of  division  are  defined  for  organization  of  the  overall  automation 
system.  The  breakdown  may  then  be  as  follows: 

(a)  sensors  and  actuators  providing  the  basic  interface  with  the  process,  accepting  infor- 
mation and  issuing  orders 

(b)  the  so-called  "basic"  automation  systems,  that  is,  the  traditional  controllers  or  logic 
automation  devices  of  limited  function 

(c)  the  automation  systems  that  we  have  qualified  as  apparatus  and  of  which  the  most 
typical  example  is  the  automated  sugar  boiling  as  already  discussed 

(d)  optimal  management  of  the  manufacture  station 

(e)  supervision  of  the  whole  system 

If  we  examine  these  two  breakdowns  of  the  automation  task,  we  see  that  the  first  is  very 
well  defined  and  follows  the  geography  of  the  plant  while  the  second  distinctly  depends  on 
the  data  processed  at  each  level  (as  progress  is  made  in  levels,  the  criteria  relating  to 
technology  are  replaced  by  criteria  relating  to  the  economic  impact). 
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A  good  idea  of  a  combination  of  the  two  breakdowns  can  be  obtained  from  the  diagram 
of  Fig.  46.7.  In  the  jargon  of  specialists,  this  structure  is  said  to  be  "distributed  and  hierar- 
chized".  it  has  been  given  the  name  of  "CHEOPS"  (Canduite  Hierachisee  par  Echange  sur 
Ordinateurs  pour  les  Procedes  Semicontinus)  a  name  that  evokes  the  decision  pyramid  that 
it  establishes. 


Fig.  46.7.  Operational  diagram  of  the  "CHEOPS"  structure. 


It  is  noteworthy  that  a  given  level  of  automation  can  be  implemented  in  a  plant  gradually 
and  without  truly  starting  a  study  of  the  higher  levels.  In  order  to  build  the  next  stage  of  the 
pyramid  later  (or  part  of  the  stage)  it  is  sufficient  to  ensure  that  the  manual  controls  of  the 
automatic  equipment  can  be  replaced  by  signals  transmitted  from  the  higher  level. 

The  principal  practical  advantages  of  this  structure  are: 

(a)  improved  reliability  of  the  whole  by  multiplication  of  devices  (total  and  simultaneous 
breakdown  is  practically  impossible) 

(b)  the  possibility  of  gradual  implementation  and,  consequently,  staging  of  investments 

(c)  training  of  operating  personnel  and  of  staff  in  stages. 

It  will  also  be  seen  that  it  clarifies  analysis  of  the  automation  units.  When  large  projects 
are  being  studied,  it  allows,  in  particular,  the  avoidance  of  certain  errors  in  distribution  of 
the  tasks  assigned  to  the  different  devices,  for  example,  preventing  a  management  process  com- 
puter controlling  a  regulation  valve  directly  and,  thus,  also  enhancing  the  reliability  of  the 
whole  automation  system. 
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Operation  controllers 

We  gave  an  example  of  operation  controllers  at  the  start  of  this  chapter  (sugar  boiling)  and 
a  number  of  other  examples  come  to  mind:  cane  mills,  clarification  plant,  thermo- 
compression  plant,  sugar  dryer,  etc. 

These  consist  of  combinations  of  basic  controllers  such  as  the  traditional  regulators,  and 
often  make  use  of  logic  operating  sequences.  We  shall  not  dwell  on  this  type  of  system  but 
would  note  in  passing  that  they  constitute  sub-assemblies  that  are  highly  independent  of  each 
other;  their  links  are  based  particularly  on  the  shop  management  controllers,  which  are 
described  later. 

When  used  traditionally,  the  operation  controllers  consist  of  "cabinets"  similar  to  those 
described  for  the  conduct  of  sugar  boiling.  The  mathematical  formulae  governing  the  ex- 
change of  information  are  always  relatively  simple;  in  extreme  cases,  they  can  be  applied  by 
analogue  methods  (see  Fig.  46.8)  or  by  programmable  sequencers  for  "all-or-nothing"  pro- 
cessing (see  Fig.  46.9). 

Coordinated  workshop  management 

Modules  and  their  function.  This  level  of  technical  management  is  thus  conceived  as  a 
coherent  set  of  modules  following  a  breakdown  which  often  depends  on  that  of  the  process. 
The  following  sequence  can  thus  be  defined: 

(a)  preparation  and  extraction 

(b)  purification 

(c)  evaporation 

(d)  first  crystallization 

(e)  second  crystallization 


Fig.  46.8.  An  analogue  computation  unit  (the  Modumai  made  by  Sereg)  (consisting  of  basic  plug-in  modules). 
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Fig.  46,9.  Example  of  a  programmable  sequencer. 


Fig.  46.10.  An  industrial  computer  (the  MACSYM  made  by  Analog  Devices). 


(f)  third  crystallization 

(g)  drying  and  storage. 

The  functions  of  these  modules  relate  mainly  to  management  of  the  flow  of  products  in 
the  plant;  one  of  the  chief  objectives  is  to  maintain  steady  conditions  throughout  the  process, 
which  improves  other  characteristics  such  as: 

(a)  capacity  of  any  given  unit 

(b)  quality  of  the  sugar  and  by  -products 

(c)  economies  of  energy 
(d}  life  of  equipment,  etc. 
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In  the  various  cases  encountered,  these  operating  modules  also  provide  the  necessary  adapta- 
tion to  the  production  parameters  in  order  to  optimize  certain  operating  criteria,  for  exam- 
ple, to  minimise  sugar  losses. 

Interactions  between  modules.  A  relative  independence  is  still  the  rule  for  each  module: 
this  is  so  true  that  one  can  easily  imagine  a  single  module  used  to  manage  a  limited  part  of 
the  process.  The  system  is,  however,  designed  to  allow  complete  management  of  production 
and  provides  dialogues  for  the  purpose. 

Some  of  these  dialogues  are  first  organized  between  adjacent  modules;  they  are  reduced 
to  the  necessary  minimum.  The  intention  is  to  exchange  comprehensive  information,  suffi- 
cient to  ensure  the  consistency  of  operation  of  the  production  sub-units. 

Other  information,  mainly  of  an  economic  nature,  can  also  be  transmitted  by  the  modules 
to  the  supervisor  at  the  top  of  the  decision-taking  pyramid.  They  are  most  often  processed 
when  passing  in  order  to  devise  "high-level  orders",  namely,  overall  instructions  for  the 
management  devices. 

Industrial  data  processing 

The  algorithms  used  in  this  area  of  shop  management  devices  are  complex.  The  mathematical 
formulae  are  sophisticated  and,  in  particular,  can  be  totally  changed  depending  on  the  condi- 
tions of  operation. 

We  are  then  led  to  use  calculators  or  industrial  computers  which  are  well  suited  to  this  type 
of  processing.  These  data  processing  machines  are  easily  connected  to  electronic  automation 
devices  by  means  of  specialized  input  and  output  couplers  ("industrial  interfaces");  their 
connection  to  pneumatic  systems  is  distinctly  more  expensive  because  it  requires  passage 
through  converters  (pressure/current  or  current/pressure  type). 

Such  computers  are  most  often  provided  with  real  time  basic  software,  i.e.  they  are  able  to 
follow  the  chronology  of  industrial  operations  and  to  react  to  events  that  require  priority  pro- 
cessing (such  as  alarms). 

With  regard  to  the  connection  between  several  machines  when  required,  one  can  always 
find  in  the  range  offered  by  suppliers,  connections  of  "serial"  type  as  described  above,  which 
are  very  suitable  (current-loop  connections  for  large  distances). 

Digital  control  systems 

Without  wishing  to  enlarge  on  this  rather  specialised  subject,  we  shall  briefly  describe  how 
digital  systems  can  be  inserted  into  the  CHEOPS  structure.  Digital  control  systems  have  ap- 
peared recently,  and  allow  the  composition  of  automation  units.  Since  Honeywell  introduced 
the  TDC  2000,  all  the  principal  manufacturers  have  progressively  included  such  a  method 
in  their  catalogues,  for  example: 

(a)  Foxboro:  the  FOX  3 

(b)  Fisher-Control:  the  PROVOX 

(c)  Fischer  &  Porter:  the  DCI  4000 

(d)  Sereg-Schlumberger:  the  MODUMAT  800 

(e)  Controle  Bailey:  the  MICRO  Z 
CO  Siemens:  the  TELEPERM. 


A  STRUCTURE  OF  AUTOMATION 


1139 


These  systems  are  distinguished  from  the  traditional  machines  by  the  fact  that  the  informa- 
tion processed  internally  is  digitized;  they  contain  a  certain  number  of  micro-computers 
specialized  for  automation.  Figure  46.1 1  illustrates  the  structure  of  such  a  system.  According 
to  the  supplier,  the  organization  is  more  or  less  decentralized  and  the  function  of  the  various 
sub-assemblies  can  therefore  be  modified.  On  the  other  hand,  there  may  be  variants  of  any 
given  component,  such  as: 

(a)  a  communication  system  for  the  rapid  transfer  of  digital  information 

(b)  control  of  process  operation  on  black  and  while  or  color  screens  connected  to  the  net- 
work 

(c)  possibility  of  connecting  a  process  computer  to  this  network  for  optimization  and 
monitoring. 
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Fig.  46.(1,  Architecture  of  a  digital  control  system. 


Digital  automation  in  structuring 

In  the  context  of  applying  these  digital  control  systems,  we  have  re-examined  the  CHEOPS 
structure  and  confirm  that  U  could  be  adapted  to  digital  control.  The  clarity  provided  by  the 
structuring  is  obvious  when  studying  the  complete  system. 

The  successive  hierarchical  levels  can  he  combined  in  accordance  with  the  diagram  shown 
in  Fig.  46.12  which  is  a  functional  representation  but  shows  how  the  hardware  components 
can  be  assembled  in  practice: 

(a)  at  the  bottom,  a  layer  connecting  to  the  process  by  sensors  and  actuators 

(b)  above,  an  automation  layer  that  combines  the  functions  of  basic  controllers  and  of 
operation  controllers;  the  field  of  application  of  the  digital  control  systems 

(c)  finally,  a  management  layer  with  the  shop  management  and  monitoring  devices.  This 
layer  is  entrusted  to  industrial  computers. 

It  is  noteworthy  that  each  of  the  two  upper  layers  is  organized  around  a  "network" 
nnph  which  the  data  pass.  We  shall  call  the  first  the  "automation  network"  (which  is  ex- 
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actly  that  of  the  digital  control  system),  and  the  second  between  the  management  modules 
"the  optimization  network"  which  can  take  diverse  forms  (it  involves  a  true  interface  bet- 
ween hardware  if  several  small  machines  are  used  jointly  and  is  limited  to  a  software  link  if  a 
single  computer  combines  all  the  various  modules). 


Monitoring 


Technical 
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Basic 

controllers 


actuators  I    «    *      *  * 

Fig.  46.12.  Incorporation  of  digital  systems  in  the  CHEOPS  structure. 
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The  problem 

To  show  how  we  apply  the  model  structure  in  practice,  we  shall  take  the  crystallization  sta- 
tion as  an  example.  The  flow  of  syrup,  massecuite  and  steam  is  to  be  regulated  so  as  to  main- 
tain a  steady  rate  and  stabilize  the  demand  for  steam  while  being  able  to  deal  with  major  tran- 
sient events  (e.g.  sudden  drops  of  flow  rate  of  up  to  50%).  It  must  also  be  able  to  take  action 
to  cope  with  accidents. 

In  principle,  the  operator  takes  part  in  this  program  only  for  overall  monitoring  and  to 
indicate  which  particular  machine  has  been  taken  out  of  operation  or  which  has  been  return- 
ed to  operation. 

Methods  proposed 

Models  are  often  used  in  data  processing;  these  are  systems  of  equations  that  relate  the 
various  characteristics  of  the  process  and  which  are,  in  general,  difficult  to  draw  up.  They 
are  difficult  to  use  in  most  cases  because  of  their  abstract  nature. 

In  order  to  devise  a  simple  but  efficient  model  of  process  operation,  we  have  proposed  that 
it  should  correspond  to  a  simplified  diagram  (see  Fig.  46.13): 

The  process  consists  of  successive  modules  in  which  there  are  always  two  fundamental 
elements: 

(a)  stock  of  product  to  be  processed 

(b)  the  component  that  adjusts  flow  rate  in  the  downstream  direction  (valve,  pump,  etc.). 
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Fig.  46.13.  Schematic  diagram  of  division  into  modules. 


In  practice,  the  production  machines  are,  of  course,  installed  on  this  schematic  diagram 
but  they  take  no  part  in  our  present  discussion  (they  are  illustrated  by  dotted  lines  on  the 
diagram).  The  physical  meaning  of  the  fundamental  data  of  such  a  model  is  clear  (a  stock  con- 
trolled maybe,  for  example,  the  total  material  in  the  whole  first  crystallization  station,  with  the 
downstream  flow  rate  adjustment  unit  then  considered  as  being  the  battery  of  centrifugals). 

It  is  noteworthy  that  a  series  of  two  or  more  modules  can  be  considered  as  a  "super 
module"  or  a  "global  module",  where  the  total  stock  is  equal  to  the  sum  of  the  stocks  in 
the  component  modules  and  of  which  the  output  component  is  the  output  component  of  the 
last  module  (Fig.  46.14).  This  property  of  associativity  will  be  used. 


module 


module 


module 


Fig.  46.14.  Associativity  of  breakdown  into  modules. 


Operating  principle.  We  can  clearly  give  now  only  the  main  points  of  the  principle.  We 
shall  first  point  out  that  the  flow  rate  of  the  plant  appears  logically  to  be  imposed  upstream 
(we  shall  modify  this  proposition  below). 

The  flow  leaving  a  module  (or  a  global  module)  depends  on  the  stock  in  the  module.  Its 
dependence  is  generally  non-linear  because  it  is  plain  that  the  situation  becomes  critical  when 
stocks  are  too  low  or  too  high. 

The  meanings  of  the  constants  introduced  are  also  very  simple.  Most  of  them  are  determin- 
ed as  soon  as  it  is  known  what  stocks  are  required  for  each  operating  mode. 

The  computer  receives  all  the  data  required  for  the  computation  of  stocks.  It  transmits  to 
the  process  the  set  points  required  to  set  the  flow  rate.  A  basic  safety  rule  prevents  any 
module  emptying  itself  into  the  next  module  if  the  latter  is  too  full.  The  system,  in  fact,  pro- 
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poses  a  reduction  of  flowrate  at  any  control  point  when  the  stock  immediately  downstream 
is  too  high;  this  adjustment  is  generally  non-linear. 

Saturation  at  any  point  of  the  station,  therefore,  causes  a  localized  slowing  down  which 
rises  up  the  production  system,  progressively  filling  the  available  vessels.  This  allows  max- 
imum use  to  be  made  of  the  existing  vessels  in  order  to  overcome  incidents  or  short-time  clog- 
ging. It  should  be  noted  that,  in  this  case,  flow  rates  can  be  controlled  from  downstream. 

Adjustment  of  flow  rates  through  a  crystallization  plant.  Automation  of  the  lower  levels 
(sensors  and  actuators,  regulators,  sequential  controllers)  is  provided  on  all  the  components 
of  the  equipment  (pans,  centrifugals,  etc.). 

Table  46,1  illustrates  the  modules  for  this  section  of  the  plant.  It  is,  for  example,  evident 
that  the  centrifugal  battery,  which  is  the  output  component  of  a  boiling  section,  is  regulated 
by  the  stock  of  the  "global  module",  which  is  the  whole  of  that  section. 

The  level  in  the  standard  liquor  tank,  which  governs  the  starting  time  between  two  strikes 
is,  in  fact,  a  corrected  level,  allowing  for  the  disturbance  caused  by  the  possible  discontinuity 
of  the  strikes.  The  data  required  by  the  computer  to  compute  this  corrected  level  are  the  real 
level  in  the  tank  and  the  state  of  the  progress  of  the  strike. 

The  various  pan  strikes  are  connected  through  the  syrup  tanks.  Two  or  three  strikes  can 
thus  be  processed  successively  and  practically  by  identical  programs.  In  order  to  regularize 
the  steam  demand,  two  pans  are  prevented  from  starting  in  the  same  quarter  of  an  hour,  for 
example.  This  condition  is  the  only  one  that  does  not  respect  the  above  principles. 


Fig.  46.15   Control  room  of  a  pan  station  (the  two  management  computers  are  on  the  right). 
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The  program  can  evidently  be  modified  to  allow  for  a  case  of  continuous  boiling.  Figure 
46.15  is  a  photograph  of  the  control  room  of  a  pan  stage.  The  three  massecuite  boilings  of 
the  plant  are  managed  in  accordance  with  the  principles  given,  either  discontinuous  boiling 
or  continuous  crystallization. 

A  major  consequence.  We  have  stated  above  that  the  computer  language  and  the  structure 
selected  should  allow  the  operator  to  remain  in  control  of  the  data  processing  system.  Here, 
again,  it  will  be  noted  that  the  technical  management  of  the  plant  decides  on  the  settings  to 
be  adopted  and  can  modify  them  at  any  time,  in  full  knowledge  of  the  situations,  because 
the  parameters  used  are  easy  to  interpret.  It  is  this  transparency  which  is  important  to  main- 
tain during  the  whole  automation  process. 

TABLE  46.1 

OVERVIEW  OF  THE  CRYSTALLIZATION  CONTROLS  PROVIDED  BY  THE  STATION  MANAGEMENT  SYSTEM 

Controls  Purpose  Constraints  to  be  respected 


Continual  adjustment 

(1)  Centrifugal  sequences 

(2)  Flow  rates  of  rotary  pumps 

(3)  Time  between  two  boiling 
starts 

Safety 

(4)  Addition  of  water  when 
needed  before  thickening 

(5)  Steam  slowing  down  (in 
anticipation) 

Liaison 

(6)  Set  points  adjusted  towards 
upstream  (stock  and  flowrate) 


Adjustment  of  overall  stock 
(liquor  tanks  +  contents  of 
pans  and  crystaliisers) 

Regulation  of  centrifugal 
distribution  level 

Stability  of  liquor  stock 


Full  safety  in  level  at  crystallisers 


Limitation  of  addition  of  water 
to  strict  minimum  required  for 
safety 


Consistent  operation  of  all 
sections 


Number  of  centrifugals  available 
with  limitation  and  alaim,  if 
needed 

Distribution  between  crystallisers  in 
relation  to  their  stock  and  the 
quantities  processed 

Priority  indicated  by  the  operator 
(with  relevant  management)  and 
alert  conditions  (high  and  low) 


Relating  to  heavying  up  and 
discharging  strikes,  stowing  down  in 
certain  cases  the  strikes  involved 
with  the  same  set  of  crystallisers 

Stage  of  progress  of  boilings 
concerned  in  order  not  to  disturb 
them  during  the  critical  phases 


Priority  relating  to  the  algorithms 
used,  global  stock  or  partial  stock 


MANAGEMENT  AND  CONTROL  OF  PRODUCTION  PROCESSES 


Control  and  computerization 

Whether  the  process  is  automated  or  not,  it  is  important  to  supervise  the  production 
characteristics  by  means  of  regular  control.  Specific  analyses  of  each  part  of  the  process  are 
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therefore  carried  out  by  the  control  laboratory;  on-line  measurements  are  also  made,  for  ex- 
ample, to  monitor  the  thermal  production  parameters. 

This  process  of  production  monitoring  is  still  in  a  state  of  development  but  remains 
"routine",  that  is,  it  is  organized  around  measurements  most  of  which  are  intermittent.  The 
measurements  must,  of  course,  be  consulted  by  the  plant  management  in  order  to  allow  up- 
dating of  the  various  production  parameters. 

It  must  be  acknowledged  that,  until  now,  communication  at  this  level  has  often  been  small 
in  volume  and  rudimentary  in  method.  It  is  now  plain  that  modern  data  processing  facilities 
provide  highly  effective  methods  of  transmitting  data  within  the  plant. 

There  are  a  number  of  groups  of  plants  in  the  sugar  industry  that  exchange  data.  The  ma- 
jor companies  of  course  centralize  data  to  their  head  office  or  central  laboratory  and  associa- 
tions exist  at  different  levels  between  plants.  One  may  imagine  that  the  local  structures 
organized  could  be  later  connected  together  and/or  with  central  offices  depending  on  the 
organization  of  the  group  concerned. 

Computerized  data  management 

Any  solution  to  problems  posed  by  computerization  of  production  control  must,  in  our  opi- 
nion, be: 

(a)  adaptative and,  by  corollary,  evolutive,  so  that  it  can  easily  be  transmitted  to  any  sugar 
plant  and  must,  even  more  so,  be  able  to  evolve  efficiently  in  the  plant  where  it  is  installed 

(b)  standardized,  for  increased  capability  of  "software  maintenance".  It  is  therefore 
necessary  to  remain  strictly  within  the  framework  of  standard  available  software  and,  more 
generally,  select  work  methods  that  are  sufficiently  well  known 

(c)  easy  to  use,  for  the  users  have  different  levels  of  ability.  In  order  to  considerably 
facilitate  introduction  to  the  equipment,  a  number  of  practical  methods  are  used  such  as 
"menus",  "formulae",  etc.,  allowing  for  the  fact  that  experienced  operators  quickly  become 
familiar  with  new  procedures. 

It  is  seen,  when  proceeding  further  into  the  study,  that  the  major  difficulty  arises  from  the 
diversity  of  cases  processed.  This  diversity  occurs  at  different  levels: 

(a)  the  location  of  the  plants  and  the  relevant  requirements  of  hardware  and  connections 

(b)  the  work  habits  of  the  workers  in  the  plant  and  the  traditional  facilities  that  they 
possess 

(c)  more  fundamentally,  differences  of  layout  and  of  hardware  installed  in  the  plants. 
For  our  part,  we  have  always  abandoned  the  traditional  approach  to  the  subject  with  a 

common  basis  and  adaptation  to  each  plant.  We  prefer  the  approach  that  consists  of  supply- 
ing the  user  with  the  systems  required  to  organize  his  own  specific  application,  what  we  call 
a  "configurable  system". 

Example.  Following  these  criteria,  we  have  proposed*  a  universal  system  that  can  be  brief- 
ly described.  It  operates  with  a  mini-computer  with  a  central  memory  of  256  or  512  K  octets 
and  a  "hard-disk"  storage  system  of  capacity  at  least  10  mega  octets  (see  Fig.  46.16).  A 


*  G.  Windal,  Sucrerie  Frangaise,  April  1983. 
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Fig.  46.16.  A  mini-computer  designed  to  manage  technical  data  (CLEOPATRli  installed  on  SOLAR  16). 

peripheral  is  added  whose  size  depends  on  the  plant.  There  are  generally  2-5  VDUs  and  1 
or  2  printers. 

The  software  uses  BASIC,  a  universal  language  that  allows  transposition  to  a  mini- 
computer or  to  a  group  of  micro-computers  when  needed;  this  choice  is  moreover  compatible 
with  that  adopted  for  the  process  operation  described  above.  It  is  nevertheless  noteworthy 
that  a  process  computer  makes  use  of  "real  time  BASIC"  whereas  in  this  case  the  system 
makes  use  of  "shared  time"  which  is  accessible  to  several  users  simultaneously  and  gives  each 
the  impression  of  using  the  machine  alone.  A  tool  designed  for  managing  dialogue  on  the 
screen  has  moreover  been  used,  the  presentation  of  formulae,  tests  of  responses,  and  correc- 
tion of  typing  errors  are  organized  easily. 

The  software  is  organized  for  application  of  structured  programming  methods  to  facilitate 
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later  maintenance.  There  is  an  ease  of  commissioning  and  of  use,  thanks  to  the  interactive 
feature  at  all  levels  of  use.  A  secret  code  provides  interlocking  to  reserve  certain  procedures 
to  one  or  more  privileged  operators,  typically  the  laboratory  manager.  The  system  also  com- 
prises safeguard  procedures  for  the  software  and  the  data  banks. 
The  following  principal  functions  are  available: 

(a)  entering  of  data  by  keyboard 

(b)  "on-line"  entering  from  analyzers,  measuring  collectors,  etc. 

(c)  display  of  data  in  the  form  of  tables 

(d)  print-out  of  results 

(e)  drawing  up  of  averages,  preparation  of  balances 
if)  comparative  graphs  on  colour  screen. 

Incorporation  of  the  management  system 

It  is  of  interest  to  examine  the  relationship  that  may  exist  between  such  a  system  and  the 
management  structure  already  described.  It  is  apparent  that  the  two  approaches  have  a 
tendency  under  any  circumstances  to  improve  the  conditions  of  operation  of  the  production 
process. 

It  is  then  seen  that  links  must  evidently  be  provided  between  the  two  devices;  it  is  necessary, 
for  example,  to  be  able  to  measure  the  stock  of  massecuite,  both  to  manage  flow  through 
the  section  and  to  calculate  the  quantities  "pending"  and  required  for  the  balance  of  the  fac- 
tory. In  other  words,  the  data  management  system  must  be  connected  to  the  operating 
system. 

Figure  46.17  illustrates  how  such  integration  can  be  carried  out.  The  "layer"  adopted  is 
that  of  optimal  management  because  of  the  nature  of  the  data  to  be  exchanged.  A  check  is 
made  that  the  hardware  used  on  either  side  are  in  fact  "calculators". 
It  is  seen,  however,  that  the  two  systems  remain  fundamentally  different.  The  operating 
system  is  destined  for  short  and  medium-term  reactions,  while  the  control  system,  in  par- 
ticular, supplies  data  allowing  longer-term  updating.  It  is  therefore  preferable  to  entrust  these 
different  tasks  to  different  computers. 

Monitoring  I 


Technical 
management 


Operat  ion 
controllers 


Basic 

controllers 


Sensors  and 
□  ct  uators 


Fig.  46.17.  "CHEOPS  -CLEOPATRE"  integration. 


Conversion  Tables 


Metric  to  British  Units 


Length 

cm  0.3937  in. 

metre  3.28084  ft. 

metre  1.09361  yard 

km  0.62137  mile 

Area 

cm2  ■  0.155  sq.in. 

m2  10.764  sq.ft. 

m2  1.196  sq.yards 

ha  2.471  acres 

km2  0.3861  sq.mile 

Volume 

cm3  0.061024  cu.in. 

dm3  0.0353147  cu.ft. 

mJ  35.3147  cu.ft. 

hi  3.53147  cu.ft. 

litre  0.2200  Imp.  gal. 

litre  0.264166  U.S.  gal. 

Weight 

g  0.035274  oz.  (avoirdupois) 

kg  2.204622  lb. 

quintal  =     100  kg  2.204622  cwt.  (American) 

quintal  =     100  kg  1.9684  cwt.  (English) 

tonne    =  1,000   kg  1.1023  short  ton 

tonne    =  1,000   kg  0.9842  long  ton 

Force 

Newton  0.102  kg 

daN  (deca  Newton)  1.02  kg 

Pressure 

bar  =  1.02  kg/cm2  =  105  Pascal  14.500  p.s.i. 

kg/cm2  14.2233  lb./sq.in.  (p.s.i.) 

kg/m2  0.204816  lb./sq.ft. 
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1  t/dm2  10.2408  short  ton/sq.ft. 

1  t/dm2  9.1436  long  ton/sq.ft. 

oro^  13.56  cm  of  water  at  20°C 
1  cm  of  mercury  at  25 °C  =  .  .  enor 

17  13.70  cm  of  water  at  50  C 

Fibre  loading 

lkg/m2  0.204816  lb./sq.ft. 

lkg/m2/m  0.062428  Ib./sq.ft./ft. 


Conversion  Tables  -  British  to  Metric  Units 


inch 
foot 
yard 
mile 


Length 


3  ft. 

1,760  yards  =  5,280  ft. 


2.54  cm 
0.3048  m 
0.9144  m 
1,609.344  m 


Area 


sq.in. 
sq.ft. 
sq.  yard 
acre 

sq.  mile 


144  sq.in. 
9  sq.ft. 
4,840  sq.  yards 
640  acres 


6.4516 

0.092903 

0.8361 

0.4047 

2.59 


cm1 

m2 

m2 

ha 

km2 


Volume 


cu.m. 

cu.ft.  =  1,728  cu.in. 
cu.ft. 

Imp.  gallon 
U.S.  gallon 


16.387 
28.317 
0.028317 
4.546 
3.7854 


cm3 

dm3 

m3 

1 

1 


oz.  (avoirdupois) 

lb.  =  16  oz. 

cwt.  (American) 

cwt.  (English) 

short  ton  (American  ton) 

long  ton  (English  ton) 


Weight 


100  lb. 

112  lb. 
2,000  lb. 
2,240  lb. 


28.350  g 
453.5924  g 
45.36  kg 
50.80  kg 
907.185  kg 
1,016.047  kg 


Pressure 


lb. /sq.in.  (p.s.i.) 
lb./sq.ft. 
short  ton/sq.ft. 
long  ton/sq.ft. 
in.  mercury  at  80°F 

1  lb. /sq.in.  = 


0.070307 

4.88243 

0.09765 

0.10937 

1.130 

1.143 

2.316 


kg/cm2 
kg/m2 
t/dm2 
t/dm2 

ft.  water  at  70° F 
ft.  water  at  130°F 
ft.  water  at  80°F 


i!50 


CONVERSION  TABLES  —  BRITISH  TO  METRIC  UNITS 


Tables 


1  lb. /sq.ft. 
1  lb. /sq.ft. /ft. 


Fibre  loading 

4.88243 
16.0185 


kg/m2 
kg/m2/m 


1  kg/m3  =  1  g/dm3 
1  kg/dm3  =  1  t/m3 


Density 


0.062428 
62.428 


Ib./cu.ft. 
!b./cu.ft. 


1  kcal 

1  thermic  =  1,000  kcal 
1  kj  =  0.2389  kcal 


Heat 


3.9683  B.T.U. 
3968.3  B.T.U. 
0.000968  B.T.U. 


1  kcal/kg 
1  kJ/kg 


Calorific  value 

1.8 
0.43 


B.T.U. /lb. 
B.T.U. /lb. 


Heat  transmission 

1  kcal/mVh  0.368669 
1  kcal/mVh/°C  0.204816 
1  Watt/mV°C  =  0.86  keal/m2/°C  h  0.U6 
1  kW/mV°C  =  860  kcaI/m2/°C  h  176 


B.T.U-  /sq.ft. /h 
B.T.U. Aq. ft. /h/°F 
B.T.U. /sq.ft. /°F  h 
B.T.U. /sq.ft. /°F  h 


Heat  conduction  through  a  plate 

1  kcal/mVh/°C/m  0.672       B.T.U. /sq.ft./h/°F/ft. 

1  kcal/mVh/°C/m  8.0636      B.T.U. /sq.ft./h/°F/in. 


1  kcal/mVh 


Combustion  chambers 

0.11237 


B.T.U. /cu. ft. /h 


Temperature 

C  5/9  (F  -  32) 

1  °C  (difference  in  temperature)  1.8°F 

Work  and  power 

1  J  0.7375  ft. Ib. 

1  kgm  7.233  ft.lb. 

1  kgm/sec  0.01315  h.p. 

1  ch  0.98632  h.p. 

lkW  1.13^1-1      li  .  _ 
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Evaporation  rate 

1  kg/m2  0.204816  lb./sq.ft. 

1  kg/m2  (from  0  to  100°C)  0.2428      lb./sq.ft.  (from  and  at 

212°F) 


1  kg/m2/  C 

0.113786 

Ib./sq.lt./  b 

Capacity,  area  and  volume  . 

1  rnVt 

9.765 

sq.ft. /short  ton 

1  mvt 

10.9366 

sq. tt. /long  ton 

1  i  /♦ 
1  I/t 

U.U32U3o 

cu. ft, /short  ton 

1  1/t 

0.03588 

cu. ft. /long  ton 

1  mVm3 

0.3048 

sq.ft./cu.ft. 

1  mvhl 

O  f\AO 

3.048 

sq.lt./cu.lt. 

1  rnVt 

35.8814 

cu. ft. /long  ton 

1  mVm2 

3.28084 

cu. ft. /sq.ft. 

Moment  of  inertia 

1  m2  kg  wt. 

7.233 

lb. wt. -sq.ft. 

1  m2  kg 

23.73 

lb. -sq.it. 

Heat 

1  B.T.U. 

0.252 

kcal 

Calorific  value 

1  B.T.U. /lb. 

0.555556 

kcal/kg 

Heat  transmission 

1  B.T.U./sq.ft,/h 

2.71246 

kcal/m2/h 

1  B.T.U./sq.ft./h/°F 

4.88243 

kcal/m2/h/°C 

Heat  conduction 

1  B.T.U./sq.ft./h/°F/ft.  1.488  kcal/m2/h/°C/m 

1  B.T.U./sq.ft./h/°F/in.  0.1240  kcal/m2/h/°C/m 

Combustion  chambers 

1  B.T.U. /cu.ft./h  8.90  kcal/mVh 


Temperature 

F  1.8  C  +  32 

1°F  (temperature  difference)  0.555556  °C 
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Work  and  power 

1  ft. Ib.  0.138255 
1  h.p.  =  550  ft.lb./sec  76.04 
1  h.p.  1.01387 
1  h.p.  745.70 

Evaporation  rate 

1  lb./sq.ft.  4.88243 
1  Ib./sq.ft./h  (from  and  at  212°F)  4.118 


1  sq.ft. /short  ton 

1  sq.ft. /long  ton 

1  cu. ft. /short  ton 

1  cu. ft. /long  ton 

1  sq.ft./cu.ft. 

1  sq.ft./cu.ft. 


Capacity,  area  and  volume 

0.102408 
0.091436 
31.215 
27.870 
3.28084 
0.328084 


kgm 
kgm/sec 
ch. 
W 


kg/m2 

kg/m2/h  (from  0  to 
100°C) 


mVt 
mVt 
1/t 
1/t 

m2/m3 
mVhl 


1  lb. wt. -sq.ft. 
1  lb.-sq.ft. 


Moment  of  inertia 

0.138255 
0.04214 


rnVkg  wt. 
rnVkg 


Equivalents  of  Foreign,  British  and  Metric  Units 


Brazil 

Area  = 

1  alqueire 

— 

5.98 

acres  = 

2.42 

ha 

Cuba 

Area  = 

1  cordel 

= 

1/324 

caball.  = 

0.4142  ha 

Area  = 

1  caballeria 

33.16 

acres  = 

1  J.4z 

na 

Weight  = 

1  lb.  (Spanish) 



1.014 

lb. 

0.460 

kg 

Weight  = 

1  arroba 

= 

25 

lb.  (Spanish)  = 

11.502 

kg 

Weight  = 

1  long  t  (Spanish) 

2,240 

lb.  (Spanish)  = 

1,030.400 

kg 

Weight  = 

1  sack  of  sugar 



325 

lb.  (Spanish)  = 

1  /in  ^nn 
149. jUU 

kg 

Egypt 

Length  = 

1  cassaba 

= 

11.647 

ft. 

3.55 

m 

Area  = 

1  kirat 

1/24 

acre  = 

A  A1  H 

0.017 

na 

Area  = 

1  feddan 

— 

1.038 

acre  = 

0.42 

ha 

Weight  = 

1  cantar 

- 

99.04 

lb. 

44.928 

kg 

Formosa 

Area  = 

1  koh 



2.40 

acres  = 

0.97 

ha 

Weight  = 

1  picul 

= 

133.3 

lb. 

60.460 

kg 

India 

Area  = 

1  bigha 

1/3 

acre  = 

0.135 

ha 

Weight  = 

1  seer 

1/40 

maund  = 

0.933 

kg 

Weight  = 

1                   i    /l  \ 

1  maund  (bazar) 

82.2857 

lb 

37.325 

kg 

Japan 

Weight  = 

1  kin 

— 

0.01 

picul  = 

0.609 

kg 

Volume  = 

1  koku 

6.37 

cu.ft.  = 

180.4 

litres 

Java 

Area  = 

1  bouw 

= 

1.77 

acre  = 

0.7163  ha 

Weight  = 

1  picul 

136.2 

lb. 

61.780 

kg 

Volume  = 

1  blik 

5 

Imp. gal.  = 

22.7- 

litres 

Mauritius 

Area  = 

1  arpent 

1.043 

acres  = 

0.422 

ha 

Peru 

Area  = 

1  fanegada 

7.156 

acres  = 

2.896 

ha 

Area  = 

1  cuadra 

1.730 

acres  = 

0.700 

ha 

Philippines  Weight  = 

1  picul 

139.44 

lb. 

63.250 

kg 

Volume  = 

1  cavan 

75 

quarts  = 

85.2 

litres 

1    I  54 
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Puerto  Rico  Area      =  1  cuerda  =       0.97     acre  =       0.3930  ha 

South  AfricaArea      =  1  morgen  =       2.1165  acres  =       0.8565  ha 

N.B.  The  short  ton  (2,000  lb.)  is  used  in  the  American  countries:  Louisiana,  Puerto  Rico,  Hawaii,  also  in  Cuba, 
Canada  and  South  Africa  (the  Philippines  use  the  metric  ton). 

Most  countries  previously  using  the  long  ton  (2,240  lb.)  have  now  adopted  the  metric  system. 


Subject  Index 


Absorptive  power  of  bagasse,  308 
Accumulators,  118 

air-oil,  118  " 

dead-weight,  1 18 

individual,  119 

steam,  1000 
Actuators,  1132,  1136 
Air, 

composition  of,  924 

density  of,  1 123 

dissolved  869 

secondary,  952 

viscosity  of,  1123 
Air —  oil  accumulators  119 
Alkalising  agents  (boiler  feed)  1000 
Alternators,  efficiency  of,  1081 
Angle  of  discharge  for  cane  14 
Angle  of  repose, 

of  bagasse,  916 

of  sugar,  819 
Annular  space  (floating  calandria),  652 
Approach  (condensers),  866,  898 
Apron  plate,  85 
Arch,  suspended,  952 
Arcing,  91,  187 
Ash  grate,  943 
Autocane,  31 

Automatic  speed  control  (carrier),  31 
Automators,  1132,  1136 

Bagasse,  914 
absorptive  capacity  of,  308 
apparent  density  of,  86,  91,  915 
balers  for,  916 
calorific  value  of,  919 
chemical  composition  of,  919 
coefficient  of  friction  of,  85,  86,  96 
combustion  of,  924 

combustion  rate  of,  per  unit  grate  area,  953, 
957 

compressed,  density  of,  86,  134,  918 
drying  984 

physical  composition  of,  914 
pith,  940 

pneumatic  conveying  of,  995 
presses  for,  916 
quantity  of,  produced,  915 
saturated,  density  of,  86 
storage  of,  915 


use  of,  918 
Bagasse  briquettes,  917 
Bagasse  conveyor,  98 
Bagasse  delivery  plate  from  last  mill,  85 
Bagasse  weights  along  the  tandem,  297 
Barometric  column,  880,  900 
Barre  de  St.Venant  formula,  1047 
3asic,  1134,  1145 
iasket  of  centrifugal,  757 

contents  of,  769 

stress  in,  774 
Baskets  perforated  gauze,  760 
Bentonite,  404 
Bernoulli  equation,  1047 
Billets  (harvesting),  15 
Boiler  drums,  design  of,  1009 
Boilers, 

construction  of,  1009 

efficiency  of,  938 

heating  surface  of,  958 

maintenance  of,  1012 

series  of,  1007 

tubes  for,  1007 

types  of,  1008 
Boiling,  continuous,  712,  1143 
Boiling  house, 

control  of,  838 

efficiency  of,  838 

recovery,  838 
Boiling,  material  balance,  604,  703 
Boiling  point  and  pressure,  496 
Boiling  point  elevation,  495 
Boiling  process  calculations,  702 
Braking,  regenerative,  781 
Bricks,  988 

Brickwork  of  boilers,  988 
Briquettes,  bagasse,  917 
Brix, 

of  absolute  juice,  334 
balance  of,  848 
calculations  in  imbibition,  292 
definition  of,  671 
graphs  of,  330 
of  massecuite,  627,  683,  691 
of  molasses,  81 1 
of  syrup,  627 
Bulk  sugar,  819 

Cables,  electric,  1097 
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Calandria,  507,  637 
floating  638,  660 
Calandria  juice  area,  512 
Calorific  values,  919,  940 
Cane, 

apparent  volume  of,  135 

bulk  density  of,  1,  11,  18,  32,  39,  46,  70,  134 

evaluation  of,  341 

friction  coefficient  of,  99 

overnight  provision  for,  1 

unloading  of,  3 
Cane  buster  (Silver  diffusion),  380 
Cane  handling,  1 
Cane  preparators,  73 
Cane  unloading,  1 

by  net,  5 
Capacity  of  mills,  186 
Caramelisation,  504,  692 
Carbon  dioxide, 

in  carbonatation,  416 

content  of,  in  flue  gases,  929 
Carbon  dioxide  pump,  422 
Carbon  monoxide,  efficiency  loss  due  to,  930 
Carbonatation, 

continuous,  425 

de  Haan,  417 

double,  417 

favourable  conditions  for,  426 
middle-juice,  418 
single,  416 
Carbonatation  processes,  416 
Carbonate,  sodium,  404 
Carbonating  tanks,  capacity  of,  424 
Carbonic  acid,  action  of,  on  juice,  416 
Cardan  shafts  (mills),  256 
Carrier, 

auxiliary,  18 
cane,  drive  of,  25 
form  of  head  of  28 
length  of,  21 
power  of,  24 
slope  of,  21 
speed  of,  22 
width  of,  22 
Carriers, 

intermediate,  76 
belt  82 

fixed  (Meinecke)  81 

high  speed  83 

slope,  speed,  power  of  79,  80,  230 
Cascade  system,  Kraemer,  246 
Centre  well  (effects),  509 
Centrifugal  cycle,  768,  770,  784,  785 
Centrifugal  motors,  779,  781 

installation  and  trends  in,  784 
Centrifugals, 

air  currents  in,  793 

batch,  757 

B.M.A.,  787 


capacity  of,  769,  778 
continuous,  794 
capacity  of,  802 
exhaustion  of,  805 
specific  work  of,  799 
types  of,  794 
cycle,  768,  770,  784,  785 
dimensions  of,  763 
electric, 

'Compact',  786 
drive  of,  779 
power  factor  of,  782 
regenerative  braking,  781 
special  characteristic  of,  782 
gravity  factor,  768 
large  casing,  continuous,  798 
mean  equivalent  radius,  766 
moment  of  inertia,  773 
power  requirements,  776 
Roberts,  788 
speed,  765 
Silver,  798,  803 
volume  capacity,  769 
Centrifuging  cycle,  768,  784 
Chapman  circulation  of  juice,  531 
Chevron  grooves,  S3,  111 
Chimney, 
cross  section,  990 
height,  991 
Chokes,  224 

mill,  90 
Chute,  Donnelly,  87,  89 
Circuit  breaker,  1095 
Circulation, 
Chapman,  531 
of  juice,  528 
of  massecuite,  649 
mechanical  (pans),  707 
speed  of,  66\ 
Clarification,  430 
Clarifiers,  431 

compartments,  443 
evolution,  443 
Eis  and  Enviro-clear,  441 
Cleaning, 
evaporators,  547 
vacuum  pans,  695 
Coal,  941 

Cobenze  diagram,  702 
Coefficient, 

compaction,  137 

efficiency  k,  346 

of  flow  resistance,  1115,  1118 

Hawaii,  339 

of  passage,  512,  644,  645 
of  solubility,  630 
of  supers  aturation,  631 
torque-load,  236 
Coils,  pan,  636 
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Coke,  419 

Coloration,  406,  412,  504,  692 
Combustion  of  bagasse,  924 

spontaneous,  917 
Combustion  chamber,  949 
Compaction  coefficient,  137 
Compactness,  1128 
Compression  (Hugot),  141,  143 
Compression  ratio,  138 
Compression  ratio,  (Bullock),  144 
Computer,  1144 
Computerization,  1126,  1144 
Concentration, 

limit  obtainable,  627 

phase  of  strike,  681 
Concentrator  (pressure  evaporation),  616 
Condensate  vessels,  520 
Condensates, 

composition,  524 

extraction,  516 

pumps  for  extraction  of,  518 

temperature,  524 

utilisation,  524,  996 
Condensers, 

approach,  866,  898 

co-current  and  counter-current,  857,  867 

cross-section,  858 

with  external  air  extractor,  904 

height,  857 

jet,  897 

pressures  in,  867 

temperatures  in,  865 
Heater-condensers,  894 
Rain-condensers,  894 
Conductivity  of  massecuite,  689,  1 127 
Cone -press,  Silver,  383 
Construction  of  mills,  258 
Containers,  storage  in,  15 
Contraction  in  sugar  solutions,  628,  833 
Control, 

factory,  327,  838 

milling,  327,  341 
Convection  in  boiler  plant,  959 
Conveyor, 

bagasse,  98 

grasshopper,  814 

screw,  811 

sugar,  813 
Cook  furnace,  943,  957 
Cooling  towers,  893 
Crane, 

cane,  7,  11 

guyed,  7 

self-supporting,  7 
travelling,  11 
Crushers, 
diameter,  54 
double,  59 
extraction,  59 


feeding  of,  75 

influence  on  capacity,  193 

lift,  55 

power,  55,  57 

pressure  on,  55,  57 

3-roller,  56,  58,  59 

speed,  55 

types  of,  51 

value  of,  56 
Crystal  content  of  massecuite,  693 
Crystal  regularity,  835 
Crystal  surface,  692 
Crystallisation,  631 

speed,  633,  726 

time  for,  730 
Crystallizers, 

capacity,  731 

double  helix,  734 

installation,  728 

ordinary,  729 

Ragot,  735 

in  series,  737 

storage,  749 

types  of,  734 

vertical  cooling,  749 

water-cooled,  735 

Werkspoor,  738 
Cuitometer,  690 
Current, 

alternating,  1072 

direct,  1072 

starting,  1092 
Current  density,  1099 
Cush  cush  screen,  351 

Deaeration  of  feed  water,  997 
Deerr  s.j-m.  formula,  838 
Defecation  procedures,  400 
Delta  connection,  1073 
Demineralization,  997 
Derrick,  7 

Dessin  formula,  572 
Desuperheaters,  calculation,  965,  1004, 
1005 

Dew  point  (air  heaters),  979 
Diagram, 

entropy,  908,  909 

Mollier,  908 
Diameter,  equivalent  (downtake),  655 
Diffusion,  358 

B.M.A.,  373 

cane  or  bagasse,  366 

capital  cost  and  maintenance,  396 

de  Smet,  368 

effect  on  recovery,  395 

Fletcher  and  Stewart,  392 

general  considerations,  395 

laws  of,  359 

Rotocell,  389 
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Saturne,  391 

Silver,  380 
Digital  automation,  1138 
Dilution  (imbibition),  339 
Dilution  of  massecuite,  807 
Dilution  indicator,  817 
Donnelly  chute,  85 
Dorr  clarifier,  431 
Dorrclones,  445 
Double  purging,  792 
Double  wheel  (turbine),  1058 
Douwes  Dekker  formula,  678 
Draft,  (diffusion),  362 
Draught,  989,  991 

Drying  time  of  centrifugals,  768,  771 
Dryness  fraction, 

of  steam,  907 

for  turbines,  1070 
D.S.M.  screen,  354 
Ducasse  knives,  46 

Economisers,  965 

and  air  heaters,  choice  between,  981 

calculations,  968 

maximum  economy,  971 

safety  margin  for,  970 

water  and  gas  velocities  in,  971 
Edge  effect  on  trash  plate,  226 
Effects, 

choice  of  number  of,  572 

multiple,  504 
Efficiency, 

of  boiler  furnaces,  938 

of  induction  motors,  1093 

mechanical,  of  pumps,  1104 

of  mills,  320 

of  pumps,  1 104 

of  turbines,  1064 

of  turbine  wheel,  1052 

volumetric,  of  pumps,  1111,  1114 
Eimco  filter,  479 
Eimcobelt  filter,  487 
Eis  clarifiers,  441 
Ejector  condenser,  901 
Electric  motors,  see  Motors, 
Electrical  units,  1077 
Electricity,  1072 
Electrification, 

effect  on  steam  consumption,  1028 

power  required  for,  1100 
Elevation  of  boiling  point,  495,  497 
Elevators, 

cane,  28 

sugar,  815 
Energy  production,  1016 
Entrainment,  537 

Entrainment  ratio  (thermo-compressor),  555 
Entrainment  separators  (evaporators),  537 
Entrainment  separator  (Kestner),  613 


Entropy,  908 
Enviro-clear  clarifier,  441 
Equalizers,  cane,  29 
Equation,  basic,  332 
Equivalents,  thermodynamic,  914 
E.S.G.,  842 

Evaporation  under  pressure,  615 
Evaporation,  falling  film,  618 
Evaporation  rate, 

of  boilers,  954 

of  multiple  effects,  570,  572 

of  pans,  662,  707 
Evaporators,  capacity  of,  608 
Excess  air,  924,  930 
Exhaustibility  of  molasses,  678 
Exhaustion, 

criteria,  678 

massecuite,  728 

and  molasses  purity,  670,  677 

process  of,  670 
Expansion  joints  in  boiler  settings, 
Extraction,  314 

crushers,  59 

dry  crushing,  327 

first  mill,  328 

gain  in,  by  preparation,  320 
primary  juice,  329,  366 
reduced,  315 

variation  with  pressure,  172,  321 
Extraction  ratio,  318 
Extrusion  of  bagasse,  131 

Falling  film  evaporation,  618 

False  grain,  683 

Fans, 

for  bagacillo,  490 

boiler,  993 
Feed  plate,  see  Hopper, 
Feed  water  for  boilers,  995 
Feed  water  tank,  997 
Feeders,  rotary,  92 
Feeding  of  mills,  74 
Feeding  devices,  mechanical,  92 
Fiberizer,  381 
Fibraque,  135 
Fibre, 

in  cane,  calculation  of,  335 

density  of,  134 

in  successive  bagasses,  212 
Fibre  index,  137,  142 
Fibre  loading,  136 

specific,  136 
Film,  climbing,  613 
Filter, 

Eimco,  479 

Eimcobelt,  487 

Oliver-Campbell,  476 

Rapifloc,  485 

rotary,  476 
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accessories  for,  487 
air  pump  for,  488 
cake  washing  in,  482 
capacity  and  speed,  481 
dimensions,  485 
filtrate  handling  in,  481 
proportion  of  cloudy  filtrate,  482 
retention,  484 
screens  for,  489 
Filter  aids,  475 
Filter  cake, 

from  filter  press,  473 

washing  of,  474 
from  rotary  filters,  479 
washing  of,  482 
Filter  cloths,  476 
Filter  presses,  469 
Filtrability, 
of  juice,  404 
of  sugar,  833 
Filtration,  468 

of  syrups,  492 
Fine  bagasse  return,  183 
Finishing  centrifugals,  792 
Flanges,  roller,  224,  272 
Flash  of  vapour,  519,  565 
Flash  pots  (multiple  effects),  520 
Flash  tank  for  vapour,  438 
Fletcher  and  Stewart,  99,  392 
Flexible  coupling  (knives),  37 
Floe,  rupture  of,  401 
Flow  of  massecuite,  725 
Flow  of  water  and  steam,  1115 
Flue  gases, 
C02  content,  929 
composition,  928 
density,  924 
specific  heat,  932,  934 
temperature,  931,  934 
velocity,  leaving  chimney,  990 
Flues, 

cross-section,  989 
gas  velocity  in,  989 
Fluid  drive  (centrifugals),  779 
Fly  ash  removal,  993,  994 
Force  (centrifugal),  762,  765 
Frequency,  variable,  234 
Frequency  and  motor  speed,  1076 
Friction, 

between  bagasse  and  trash  plate,  230 
between  bearings  and  housings,  164 
between  journals  and  bearings,  230 
between  scrapers  and  rollers,  230 

Fuel  for  lime  kilns,  419 

Fuels  other  than  bagasse,  940 

Fuel  oil,  941 

Fulton  crusher,  51 

Furnace  temperature  measurement,  934 
Furnaces, 


bagasse  feeding  to,  942 
combustion  chambers,  949 
dimensions,  951 
horse-shoe,  943 
spreader-stoker,  947 
step-grate,  942 
sulphur,  407 
types,  942 
Ward,  946,  957 

Gas  flow,  1123 

Gases, 

incondensable, 
in  condenser,  854 
in  multiple  effects,  525 
valve  adjustment  for,  528 
Gauzes, 
centrifugal,  759 
area  of,  771 
cleaning  of,  793 
damage  to,  793 
Gearing, 
mil!,  253 

efficiency,  232 
power  absorbed  in,  232 
Grab,  cane,  7 
Grain,  building  up  of,  682 
Grain  size,  691 
Graining,  681 
on  molasses,  698 
quantity  of  seed  to  add  for,  682 
Graining  volume,  646 
Grasshopper  conveyor,  814 
Grate, 
ash, 943 
step,  942 
Grate  area,  952 
Graver  clarifier,  433,  434 
Grooves,  dimensions  of,  102 
Grooving,  101 
angle  of,  106 
Kay,  113 
of  rollers,  101 
Gruendler  shredder,  64 
Gundu  Rao  formula,  844 
Guys  for  crane,  9 
Gyratory  mechanics,  761 

Haan,  de,  carbonatation,  417 

Hardware,  1132,  1133 

Hawaii  ratio,  339 

Head  loss,  see  Pressure  drop, 

Hearth  of  furnace,  944,  95],  952 

Heat,  total,  of  steam,  906,  911,  1034,  1038,  1043 

Heat  losses, 

from  chimney,  935 

in  evaporators,  542 

in  flue  gases,  935 

in  heaters,  448 
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in  pans,  665 

from  piping,  1025 
Heat  transfer  coefficient, 

of  evaporators,  570 

of  heaters,  449,  454 

ofWerkspoor  crystallizer,  743 
Heater-condenser,  465,  894 
Heaters, 

air, 

air  and  gas  velocities  in,  975 
calculations  for,  974 
combustion  temperature  of,  977 
corrosion,  979 
design,  975 

and  economizer,  choice  between,  981 

efficiency,  983 

maximal  economy,  981 

ratio  r,  974 

recirculation  in,  979 

temperature  limit,  977 

types,  973 
electrical  resistance  (massecuite),  807 
juice,  447 

calculation  for,  448 

calculation  of  heating  surface,  459 

circulation  velocity,  455 

construction,  462 

design,  457 

heating  surface  required,  462 

pressure  on  bottom,  466 

pressure  drop  in,  455 

series  of  sizes,  463,  464 

temperature  margin  for,  457 
Heating  of  juice,  447 
Heating  surface, 
of  evaporators,  570 
of  juice  heaters,  459,  462 
of  pans,  665 

ratio  of,  to  volume  (in  pans),  665 
Heenan  and  Froude  coupling,  17,  27 
Height  of  layer  in  diffusion,  372,  384 
Height  of  massecuite  in  pan,  668,  669,  708 
Hierarchy,  1135,  1139 
Hierarchical  structure,  1135,  1139 
Hopper, 

crusher  feed,  74 

first  mill  feed,  75 

intermediate  mill  feed,  85 

sugar,  820 
Horizontal  pan,  641 
Horse-shoe  furnace,  943,  957 
Hydraulic  caps,  120 
Hydraulic  load, 

feed/delivery,  160 

resultant,  130 

total,  171 

Imbibition, 
cold  or  hot,  307 


and  dilution,  339 

effect  of, 

on  bagasse  moisture,  308 
on  feeding,  91 

mathematical  study,  280 

maximal,  309 

optimal,  303 
Incondensable  gas  valves,  528 
Incondensable  gases,  465,  525,  854 
Induction  coupling,  Heenan  and  Froude,  17,  27 
Inertia,  moment  of  (centrifugal),  763,  773 
Inversion,  435,  437,  541,  694,  841 
Inversion  losses,  see  losses, 
Ionisation  apparatus,  551 

Java  defecation  process,  402 
Java  ratio,  338 
Jigger  steam,  666 
Juice, 

absolute,  lost  %  fibre,  318 

clarified,  reaction  of,  403 

density  under  pressure,  134 

optimal  level  in  vessel,  533 

primary,  proportion  of  sucrose  extracted,  328 

refractory,  400 

residual,  purity  of,  337 
Juice  circulation  in  evaporator,  529 
Juice  clarification,  398 
Juice  feed  (multiple  effects),  528 
Juice  level  controller,  533 
Juice  level  in  evaporators,  533 
Juice  output  per  tube,  610 
Juice  velocity, 

in  clarifiers,  437 

in  heaters,.  455 
Juices  in  compound  imbibition,  292 
Juices  weights  along  the  tandem,  297 

Kay  grooving,  1 13 
Kestner  evaporator,  613 
Keys,  for  roller  shafts,  256 
Kieselguhr,  475 

Kinetic  energy  (centrifugal),  763 
King  bolts,  258 

Knife  blades,  balance  and  maintenance,  40 
Knives,  32,  34 

adjustment,  40,  41 

drive,  35 

extraction  gain  by,  33,  321 
influence  of,  on  capacity,  32,  40 
number  of  blades,  37 
pitch,  37 
power,  42 
second  set,  41 
speed  of  rotation,  42 
third  set,  42 
Krajewski  crusher,  51 

Labile  zone,  631 
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Lateral  table,  16 
Leaks  of  air,  878 
Leaks  (vacuum),  61 1 
Leathers  (hydraulic),  121 
Liebermann  cloth  (centrifugals),  759 
Lift  of  accumulators,  122 
Ligament,  512,  644 
Lime, 

action  on  juice,  398 

consumption,  399,  418 

milk  of,  399 
Lime  kiln,  419 
Limestone,  41 9* 
Liming, 

while  boiling,  400,  401 

with  double  heating,  410 

fractional,  and  sulphitation,  411 

hot,  400 

saccharate,  402 
Liquidation  of  clarifiers,  435 
Logarithmic  temperature  difference,  755 
Losses, 

by  inversion,  541,  694,  841,  847 
at  mills,  314 
of  steam,  1025 
of  water,  891 

of  weight  and  of  test  (sugar),  820 
Lotus  roller,  269 

Maceration,  309 
Magma,  696 

Magma  process,  double,  674,  697 
Magnesia  in  clarification,  428 
Magox,  428 
Massecuite, 

crystal  content,  693 

density,  724 

exhaustion,  728 

flow,  725 

height  in  the  pan,  668 

proportions  of,  724 

quantities  of,  675 

rate  of  crystallisation,  726 

specific  heat,  628 

sugar  recovery  from,  726 

temperature  of  cooling  of,  725 
Massecuite  Brix,  627 
Massecuite  systems,  670 
Maxwell  shredder,  60 
Mechanical  harvesting,  47 
Megasse,  366 
Meinecke,  carrier,  81 
Mesh  entrainment  eliminators,  539 
Meshing  of  roller  grooves,  103 
Messchaerts,  107 
Metastable  zone,  631 
Micro-processors,  1132 
Mill  capacity,  186 
Mill  chokes,  92,  224 


Mill-crusher,  56 
Mill  drive, 

combined,  185 

electric,  241 

by  turbine,  249 
Mill  housings,  258 

inclined,  214,  260 

lubrication,  266 
Mill  juice  trays,  351 
Mill  settings,  199 

of  rollers,  200,  206 

of  trash  plate,  217 
Milling  loss,  314 
Mills, 

capacity,  186 

construction,  258 

control,  327 

electric  drive,  241 

feeding,  74 

grooving,  101 

power  requirements,  227 

pressures,  117,  130 

settings,  199 

size,  273 

speed,  178 

steam  consumption,  248,  252,  1013 

top  angle,  260 
Mixer-distributor  for  massecuite,  811 
Moisture  content  of  sugar,  817 
Molasses,  699,  835 

as  fuel,  941 

density  and  viscosity,  836 
exhausted,  677 
exhaustibility,  678 
purity,  670,  671 
quantity  per  ton  cane,  680 
return,  699 

rich  and  poor,  790,  792 

specific  heat,  700 

treatment,  698 
Moment  of  inertia, 

definition,  763 

of  centrifugals,  763,  773 
Motor  pumps,  1 102 
Motors, 

asynchronous,  1088 

Boucherot,  1091 

commutator,  1094 

efficiency,  1093 

electric, 

for  centrifugals,  779 
classification,  1082,  1086 
fully  enclosed,  1084 

maintenance  and  protection,  1095,  1096 

for  mill  drive,  246 

power,  1078 
induction,  1090 
power  factor,  1093 
squirrel  cage,  1090 
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synchronised,  1094 

synchronous,  1086 

wound-rotor,  1092 
Movement  steam,  666 
Muttifeed  clarifier,  433,  435,  443 
Multiple  effect,  vessels  of,  507 
Multiple  effects,  504 

calculation  of  Brixes,  590 

calculation  of  heating  surfaces,  591 

calculations  and  design,  579,  588 

capacity,  608 

causes  of  unsatisfactory  operation,  612 
changes  in  total  surface,  595 
checking  performance  of,  600 
construction,  506 
evaporation  coefficient,  571 
individual  evaporations,  590 
influence  of  inequality  of  vessels,  596 
operation,  609 

operation  of  vessels  in  parallel,  553 
under  pressure,  615 
range  of  temperatures,  504,  505 
relative  evaporation  of  vessels,  561 
sequence  of  pressures  in,  579,  588 
vapour  available  at  each  effect,  579 
Multiple  wheels  (turbine),  1056,  1058 

Nash  airpump,  877 
Neutral  plane,  132,  139 
Noises  in  mills,  abnormal,  223 
Non-sucrose,  847 
Nozzles  (spray  pond),  889 
Nozzles  (turbine),  1049 
N.P.S.H.,  1105 

Oil  as  fuel,  941 
Oliver-Campbell  filters,  476 
Openings, 

in  axial  plane,  139 

at  start  of  full  pressure,  122 

between  rollers, 
calculation,  202,  207 
measurement,  200 
specific,  139 
Overload  relays,  1095 
Overnight  provision  (cane),  1 
Pans, 

calandria,  637 

capacity,  669 

circulation  velocity,  661 

coil,  636 

continuous,  712 

distribution  between  massecuites,  676 

evaporation  rate,  662 

heating,  663  ' 

heating  surface,  667 

height,  646 

horizontal,  641 

hydrostatic  pressure,  647 


Langreney,  716 

losses  of  head,  65 1 

massecuite  circulation,  649 

slope  of  bottom,  646 

steam  consumption,  664 

vacuum,  635 
Parr's  formula,  238 
Passage  area,  513,  644,  645 
pH, 

of  feed  water,  999 

of  juice,  400,  401,  402,  403 
Phosphoric  acid,  action  on  juice,  414 
Pied-de-cuite,  volume,  646 
Pinion  reaction,  166 
Pinions,  256 

alternate,  167 

double,  166 

nest,  167 

separate  sets,  167 
Piping, 

calculations,  1115 

diameter,  514,  1122 

juice,  530 

steam,  514,  1 123 
Pistons,  hydraulic,  121 
Pitch  of  knives,  37 
Pitch  of  tubes,  512 
Pith,  940 

Play  in  hydraulic  pressure  operation,  122 

determination  by  the  lead  process,  123,  124 
Plough  (centrifugals),  785 
Polarization  of  juice  and  bagasse,  336 
Polygon  of  forces  in  the  mill,  161 
Power, 

absorbed  by  mill  tandem,  237 

developed  in  sugar  factory,  1028 

of  electric  motors,  1100 

rotating  body,  763 

slack  season,  1101 
Power  factor,  782,  1074,  1093 

improvement,  1094 

low,  disadvantage  of,  1094 
Power  house,  1 100 
Power  requirement  of  mills,  227 

general  formula,  229 

power  to  instal,  239 

relation  of  fibre  to,  228,  238 

simplified  formula,  234 

typical  values,  228 
Pre-evaporator,  573 
Preparation  of  cane,  73 
Preparation  Index,  61,  62 
Press,  French,  384,  386 
Presses,  bagasse,  916 
Pressure, 

choice  of  steam,  1029 

feed  and  delivery,  160 

hydraulic,  117 
maximal  values,  125 
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and  number  of  mills,  175 

resultant,  130 

specific,  130 

total,  130 
hydrostatic,  497,  634,  646 
maximal  and  roller  loading,  156 
in  mill, 

graph,  149 

resolution  of,  127 
in  milling,  1 17 
specific,  127 
steam,  in  pans,  667 
in  tandem,  sequence  of,  173 
Pressure  compounding  (steam  turbine),  1056 
Pressure  drop, 
in  heaters,  455 
in  pans,  651 

in  piping,  1064,  1115,  1120 

in  multiple  effect,  578,  579 
Pressure  evaporator,  615 
Pressure-feeder,  94 
Process  control,  1J43 
Pumping  liquids  (in  pipes),  1122 
Pumps,  1102 

air,  868 

calculations,  871 
centrifugal,  1 102 
chokeless,  1 108 
C02,  422 

condenser  water,  883 

feed,  998 

gear,  1110 

heat,  555,  567,  603 

liquid  annulus  rotary,  870 

multistage,  1 104 

Nash  rotary,  877 

output,  1102,  1103 

power,  876,  877,  1103 

Rota,  1108,  1 110 

rotary,  1  !08 

screw,  1113 

speed,  1 102 

suction,  1 103 

unchokeable,  1108 
Purging,  double,  792 
Purities  in  sugar  boiling,  670 
Purities  of  successive  juices  in  the  tandem, 

337 
Purity, 

influence  on  boiling  time,  675 

of  low  grade  sugar,  693 

of  molasses,  672,  673,  678 

of  mother  liquor,  634 

of  residual  juice,  338 

virtual,  843 
Purity  drop,  672,  673,  674 

in  crystallisation,  726 

in  pans,  672,  673 
Purity  rise  in  evaporation,  611 


Quadruple  effect,  see  Multiple  effect, 
Quarez,  408 

Radiation  in  boilers,  959 

Rain  condensers,  894 

Rakes  (cane),  14 

Rapidorr,  431,  445 

Rapifldc,  485,  487 

Reabsorption  factor,  133,  157,  159 

Recirculation  (air  heaters),  979 

Recovery,  850 

basic,  842 

E.S.G.,  842 

general  reduced  E.S.G.,  843 

from  massecuites,  838 

reduced  E.S.G.  (Gundu  Rao),  843 

theoretical,  841 
Recovery  bottle  (entrainment),  540 
Reducing  sugars, 

balance,  848 

decomposition,  437 
Reducing  valve,  1003 
Regenerative  braking  (centrifugals),  781 
Regulation  of  syrup  Brix,  535 
Reheating  of  juice  in  first  effect,  595 
Reheating  of  massecuite,  807,  811 
Rein  formula,  317 
Reliability,  1131,  1134 
Remelting  C  sugar,  695 
Retention  of  rotary  filter,  484 
Retention  time  (diffusion),  370 
Returns  of  molasses  to  pans,  699,  700 
Reynold's  number,  f  1 16 
Roller, 

dirty  top,  91 

and  accumulator  lift,  122 
Roller  bearings  in  mills,  266,  268 
Roller  flanges,  224,  272 
Roller  groovings,  101,  107,  111 
Roller  proportions,  274 
Roller  wear,  113,  115 
Rollers,  265 

feeding,  85,  92 

universal,  104 
Rota  pump,  1110 
Rotocell,  389 
Rule  of  £,  1054 
Rupture  of  floe,  401 

Saccharate  liming,  402 
Safety  factor  (sugar),  817 
Sanitation  at  mills,  325 
Saturation,  628 
Saturne  diffuser,  391 
Scale,  automatic,  for  sugar,  830 
Scaling,  prevention  of,  428,  551 
Scrapers,  272 

friction  on  rollers,  230 

juice  grooves,  1 10 
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Screens, 

bagacillo,  489 

centrifugal,  see  Gauzes, 

cush-cush,  351 

D.S.M.,  354 

vibrating,  357 
Searby  shredder,  63,  66 
Seeding,  681 
Sensors,  1127,  1131 
Separan,  404,  485,  486 
Separator,  magnetic,  49 
Sequence  of  brixes,  330 
Sequence  of  purities,  337 
Shredders,  60 

Gruendler,  64,  65,  66 

Maxwell,  60 

Searby,  63,  64,  65 

Tongaat,  66 
Shutdown,  weekly,  435 
Silos  (sugar),  819 

Siphon  (juice  evaporation),  518,  519 
Slings  (cane),  2 

Slip  in  electric  motors,  1075,  1089 
Slip  in  mills,  189 
Sodium  carbonate,  404 
Software,  1122,  1144 
Sootblowers,  1012 
Specific  heat, 

of  flue  gases,  931,  934 

of  massecuite,  628 

of  molasses,  700 

of  steam,  1042 

of  sucrose  solutions,  448,  449 
of  sugar,  700,  820 
Speeds  (see  also  Velocities), 
mill,  178 

in  mill  tandem,  182 
synchronous,  1076 
Spray  ponds,  886,  887 
area,  887 

cooling  possible  in,  886 

depth,  887 

nozzles,  889 
Squirting,  223 
S.R.I,  clarifier,  440 
Stack-piler,  16 
Stadler  table,  542 
Star  and  delta  connection,  1073 
Starch,  403 
Steam, 

available  at  each  effect,  579 
balance,  1012 
choice  of  pressure,  1029 
dryness  fraction,  907 
entropy  diagrams,  908 
flow,  1123 

fluctuations  in  consumption,  1026 
for  heating  pans,  664 
normal  velocities,  514,  1123 


per  kg  or  lb  of  bagasse,  940 

properties,  905,  1034 

quantity  obtainable,  936 

specific  heat,  1042,  1044 

specific  volume,  1034,  1038 

superheated, 
heat  transmission,  494 
specific  heat,  1042,  1044 
specific  volume,  1034,  1038 
total  heat,  1043,  1044 
use,  496,  959 

viscosity,  1123 
Steam  accumulators,  1000 
Steam  balance  for  factory,  1012 
Steam  consumption, 

at  mills,  1014 

at  pans,  664 

of  turbines,  1063 

per  ton  cane,  1016,  1021,  1026 
Steam  cycle,  1029 
Steam  economy  by  bleeding,  566 
Steam  maximal  economy,  1016 
Steam  formulae,  906 
Steam,  jigging,  666 
Steam  losses,  996,  1016 
Steam  production,  905 
Steam  reducers,  1003 
Steam  tables,  1034-1046 
Stone  problems,  47 
Storage  of  cane  in  containers,  15 
Storage  of  juice  in  clarifier,  435 
Storage  of  sugar,  817 
Subsidation,  430 

speed  of,  430 
Sucrose  solubility,  832 
Suction  (pumps),  1104,  1112 
Sugar, 

angle  of  repose,  819 

in  bulk  storage,  819 

C,  disposition  of,  695 

density,  832 

deterioration,  817 

drying,  820 

loss  of  weight,  820 

low  grade  purity,  792 

solubility,  832 

specific  heat,  820 

titre,  834 

yield  from  massecuites,  726 
Sugar  boiling,  627 

conduct  of,  681 

duration  of,  668,  676,  707 

procedures,  670 
Sugar  drier  calculations,  821 
Sugar  drying,  820 
Sugar  scale,  automatic,  830 
Sugar  storage,  817 
Sugar  stores,  819 
Sulphitation,  406 
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apparatus,  408 
cold,  409 
fractional,  41 1 
hot,  410 

before  or  after  liming,  41 1 

of  syrup,  412 
Sulphur,  406 

combustion,  406 

consumption,  408 
Sulphurous  acid,  action  on  juice,  406 
Superheat,  960 

limit  of,  960 
Superheaters,  960 

Supersaturation,  631,  632,  684,  726 

Synchronous  speeds,  1076 

Syrup  and  molasses  feed  (pans),  684,  699 

Syrup, 

temperature,  505 

voiding  of,  536 

brix,  503,  534,  627 

Tables,  lateral,  16 
Tail-bar,  256 

Tandem,  material  balance,  297 
Tanks  storage  (syrup  and  molasses),  699 
Temperature  of  combustion,  93 1 ,  934 
Temperature  limits  in  evaporation,  505 
Temperature  margin  in  juice  heating,  457 
Thermal  balance  of  the  factory,  604 
Thermo-compression,  603 

equivalent  number  of  effects,  569 

steam  economy  obtained  by,  568 
Thermo-compressor,  556 

installation,  603 

entrainment  ratio,  556 
Thermodynamic  equivalents,  914 
Thin  juices  (diffusion),  373,  386 
Thrust,  axial  (turbine),  1062 
Tightening  massecuite,  683 
Titre  of  sugar,  820,  834 
Tonnage  records,  197 
Top  angle  of  mills,  260 
Torque, 

of  motor,  1089,  1092 

starting,  1090,  1092 

variation,  1088 
Total  hydraulic  pressure  (t.h.p.),  125,  130 
Trash  plate, 

channelling,  224 

metal,  226 

setting,  217 

shape,  218 
Truck,  tipping,  4 
Tube  plates,  flat,  inclined,  638 
Tubes, 

for  boilers,  1007 

for  heaters,  462 

for  multiple  effects,  509 

for  pans,  643 


Tumbler,  cane,  18 
Turbines, ' 

back  pressure,  1065 

construction,  1051 

impulse,  1051 

number  of  wheels,   1056,  1061 
reaction,  1050,  1060 
specifications,  1065 
steam,  1047 

steam  consumption,  1063 
Turbo-alternators,  1024,  1079 
Turbo-compressor,  555 

Units,  electrical,  1077 

Vacuum,  852 

central,  684,  686,  853 
constancy,  681,  685,  688 
general  values,  854 
individual,  853 

influence  on  boiling,  688,  692 

maximal,  610 

temperatures,  865 
Vacuum  pans,  see  pans, 
Valves, 

incondensable  gas,  528 
Van  Hengel  diffuser,  392 
Vapour, 

aspirated  in  thermo-compressor,  603 

to  be  condensed,  862 
Vapour  bleeding,  554 

economy  due  to,  566 
Velocity, 

of  circulation, 
in  clarifiers,  437 
in  pans,  661 
in  heaters,  445  ,  455 

of  juice,  syrup  and  massecuite,  1123 

of  steam  and  vapour,  1 123 

of  syrup  and  molasses,  1 123 

of  water  and  juice,  1 123 
Velocity  compounding  (steam  turbine),  1058 
Vertical  crystallizer,  748  -  75 1 
Vibro-crible,  357 
Viscosity,  1117,  1123 
Voltages,  245,  1079 
Volume, 

graining,  646,  668 

no- void,  134 

Ward-Leonard  drive  for  mills,  244 
Washing, 

at  centrifugals,  790 

of  filter  cake,  474 

limit  of,  475 
Water, 

brix-free  (of  constitution),  134,  136 
feed,  for  boilers,  995 
make-up,  for  boilers,  996 
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Water  losses,  891 

Water  requirements  of  condensers,  864,  885 
Water  requirements  of  the  factory,  892 
Water  separator  (condenser),  862 
Waxes, 
effect, 

on  filtration,  475 

in  imbibition,  307 
Wear  of  rollers,  1 13 
Wear  of  trash  plate,  224 
Webre,  578 

Weekly  shutdown,  435 


Werkspoor  crystalliser,  738 
checking,  747 
cooling  surface,  742 
cooling  time,  744 
design,  745 
dimensions,  744 
power  required  for,  739 
spacing  of  discs,  745,  746 
water  requirement,  739 
Winter-Carp  formula,  839 
Wood,  as  fuel,  940 


